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Abstract 
 
Key words: Khartoum State, water harvesting, IWRM, urban runoff water management, 
rural water harvesting, NRCS method, Gumble distribution. 
 
Khartoum State in Sudanis subject to the erratic and intense rainfall during the short rainy 
season and dryness and heat throughout the rest of the year. High intensity rainstorms with a 
short duration have become more frequent in the area during the last two decades resulting in 
cities inundation and flash floods in the rural parts. On the other hand, the dry season means 
hot weather in the urban parts and water shortage in the rural part. Rural areas are dependent 
on the runoff water brought about by the seasonal streams asa source of water.For this study, 
Khartoum City Center and Seleit area were taken to investigate the application of water 
harvesting in the urban and rural areas, respectively. Accordingly, the hydrological 
characteristics and the specification of the potential water harvesting sites and systems were 
examined. 
For Khartoum City Center, characteristics of the drainage system were examined using 
ArcGIS platform. It is found that the drainage system covers 42% of the area with total 
capacity of 24000 m
3
. Daily rainfall data for urban meteorological station were used to 
calculate the probability and the return period of the rainfall, as well as the potential runoff. 
Rainfall probability of occurrence was calculated applying Gumbel distribution method for 
extreme events that were arranged according to the Peak-over-Threshold method. The 
potential runoff that could be generated from a certain rainfall was calculated using the 
Natural Resources Conservation Services method provided by the United States Department 
of Agriculture (US-NRCS). Accordingly, the curve number was calculated depending onthe 
land use/land cover and the hydrological soil group. Consequently, the weighted curve 
number is found to be 94%, indicating dominant imperviousness.13.1 mm rainfall depth 
produces runoff volume equal to the drainage system capacity with return period of one year; 
whereas more than four folds the drainage system capacity is produced by 30 mm rainfall 
depth that is considered the threshold for raising flood hazard.Six potential sites for roof 
rainwater harvesting were selected. Accordingly, it is found that, the application of roof water 
harvesting in 18% and 72% of the commercial and business district buildings can 
accommodate the runoff resulting from the 13.1 and 30 mm rainfall depth, respectively. 
Hence, impounding rainstorm water would help managing the urban runoff water, and 
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consequently, the stored water could be used for making more green areas that will enhance 
the urban environment. 
Three watersheds of ephemeral streams (wadi), namely Wadi El Kangar, Wadi El Seleit, and 
Wadi El Kabbashi make up Seleit area. Distinct maps were prepared in ArcMap for the 
calculation of the potential runoff and the specification of the appropriate water harvesting 
sites and systems. The Wadis watersheds areas are found to be 540, 344 and 42 km
2 
for Wadi 
El Kangar, Wadi El Seleit and Wadi El Kabbashi, respectively. Daily rainfall data of rural 
meteorological station were classified into three groups representing the soil dry (AMCI), 
moderate (AMCII), and wet (AMCIII) moisture conditions; the respective CNI, CNII, and 
CNIII values were calculated accordingly. The weightedCN values indicate high runoff 
potential within the three soil moisture conditions. Accordingly, the rainfall thresholds 
forrunoff generation for AMCI, AMCII and AMCIII conditions are found to be respectively 
18.3 mm, 9.1 mm and 4.4 mm for Wadi El Kabbashi and 22 mm, 11 mm and 5 mm for both 
Wadi El Seleit and Wadi El Kangar. El Kangar dam subwatershed was used for calibrating 
the potential runoff calculated by the NRCS method. Since the Wadis are ungauged, Google 
Earth and GIS platforms were used to calculate geometrically the volume of the dam 
reservoir water for three years. This volume was compared to the annual runoff calculated by 
the NRCS method. Consideration to different factors was made to locate the potential water 
harvesting sites. Accordingly, water harvesting systems for fodder and crop plantation; sand 
storage surface or subsurface dams; or groundwater recharge, were specified. The socio-
economic study revealed that the financial capacity, if any, of the villagers is very limited. 
Thus, the financial source for the construction of the suggested potential water harvesting or 
the rehabilitation of the existing ones is questionable. Hence, other potential financial sources 
are needed to help executing water harvesting projects in the region, e.g. Khartoum State 
Government. 
Applying water harvesting in Seleit area is found to be promising. Improving the livelihood 
of the villagers by applying runoff water harvesting could assure better water accessibility, 
better income generation from farms production, and allocation of time for other activities, 
e.g. education. This would be reflected in reduced migration to nearby cities and stabilized 
market supply of agricultural and animal products. Therefore, the development of the rural 
part is of great benefit to the development of Khartoum State, as long as the interdependency 
and mutual benefit between the rural and urban areas, represented by the local food and labor 
market, remain exist.  
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1 Introduction 
1.1 Background 
The ever increasing world population is threatened by the ever continuing water shortage 
problem. According to World Water Council (WWC, 2010), the consumption of renewable 
water resources has grown six-fold in the 20
th
 century responding to three times increase of 
the world population. They emphasized that the demand for water within the next fifty years 
will increase due to prediction of 40 to 50% population growth coupled with industrialization 
and urbanization, resulting in serious consequences on the environment too. Fresh water 
resources are depleting due to over-exploitation, water quality degradation, and climate 
change (Şen et al., 2011; Prinz, 1999). The demand increases especially in water scarcity 
countries due to urbanization and the increasing population (Qadir et al., 2007). For instance, 
desalination technologies, although expensive, were used in Oman to overcome the excess 
water demand due to groundwater over-exploitation and seawater intrusion to the aquifers 
(Al-Ismaily and Probert, 1998). Mostly, the distribution of the water resources in many 
countries is not proportional to its need. According to FAOWATER (2012), the situation will 
become worse due to the heavy pressure on neighboring water resources placed by the rapid 
growth of urban areas. These areas become the end point for the urban water cycle because of 
the high consumption rate of blue water, being the water source a river or groundwater 
aquifer.  
Climate change has influenced the magnitude and the distribution of the most important 
driving force of the hydrological cycle, i.e. rainfall. Some regions may receive more rainfall 
while others may become drier (IPCC, 2007), resulting in a catastrophe in both situations if 
no adaptation measures are taken. Conditions of surplus or deficit water are probable 
everywhere. Episodes of flooding and drought have already been observed and are expected 
to become more apparent in the coming decades; however, their prediction is complex and 
hard (WWC, 2010). Regions of arid and semi-arid climates, which are known for limited wet 
season and long drought period, are badly affected by the decrease or increase of rainfall 
amount and intensity. In both conditions, theimpact affects not only the livelihood of the 
peoplebut also the surrounding environment.  
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Elagib (2010a) has analyzed the rain days in central Sudan revealing that a few rainstorm 
events characterize the rainy season; they count for most of the annual magnitude, i.e. high 
intensity rainfall. An earlier study by Elagib and Mansell (2000) referred to research studies 
during the 90’s where heavy and extreme rainfall showed increase in the amount, frequency 
and intensity. A recent report by IPCC (2012) has concluded the same.  According to Şen et 
al. (2011), the central Arab Peninsula (AP) will, according to IPCC (2007), experience 
increase in rainfall which in turn means increase in flood and flash flood frequencies and 
magnitude. Tschakert et al. (2010) elaborated on the impact of the extreme events in the 
Sahel region in Africa. They debated the common consideration of the region as only drought 
prone, which ignores numerous heavy rain events despite the loss and damage they caused 
(1995, 1998, 1999, 2002, 2003, 2005, 2006, 2007, and 2009). For instance, the data provided 
by the Dartmouth Flood Observatory (DFO) show that the year 2007 is distinctive in Africa 
as floods due to heavy rain events resulted in 869 deaths and approximately 2.5 million 
displaced people from all West African countries, Sudan and Chad (Tschakert et al., 2010). 
For Sudan, Tschakert et al. (2010) took the 1988 and 2006 rainstorms as examples; the 
former was unique event that resulted in 3 million victims while the later in 10 000 damaged 
houses, 167 death, and 160 000 distressed people as per EM-DAT (2008) and Reuters (2006). 
Sutcliffe et al. (1989) studied the (4 – 5) August 1988 exceptional rainstorm which lasted for 
11 hours and caused direct large coverage damage in Khartoum. The storm had a magnitude 
of 200 mm at Khartoum airport and 210 mm at Khartoum Central. This storm combined with 
10 days interval two heavy rain events caused Nile flood peak that was the second after the 
1946 historical floods (Davies and Walsh, 1997; Sutcliffe et al., 1989).  
Prolonged Drought conditions resulting from low rainfall combined with high evaporation 
and evapotranspiration, the case in the dryland (Kassas, 1995),can lead to provoked land 
degradation due to vegetation cover loss and soil erosion caused by human activity (Requier-
Desjardins et al., 2011; Wickens, 1997). As a consequence, the environmental and 
economical potential of a region will decline (Reynolds, 2001; Kassas, 1995) approaching a 
non reversible point; i.e. desertification, if no mitigation measures are put into 
action(Wickens, 1997; Kassas, 1995). While the main environmental impact, among others, 
could be the diminishing of the green cover and thus the increase of temperature and heat, the 
loss of natural grazing lands and ecosystems, and the depletion of groundwater potential; the 
economical constrains (Tuinhof et al., 2012) resulting from this intercept of the hydrological 
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cycle and its associated impact include the loss of agricultural land, crops and livestock, 
energy cost for water supply, ecosystem rehabilitation and combating  desertification, etc.   
Urban and rural areas in arid and semi-arid regions are subject to these extreme events, i.e. 
extreme rainfall and drought. The resulting environmental and economical impacts due to 
these extremes may be the same, but the factors behind may vary according to the area 
characteristics. For instance, urban areas, especially in the developing countries are in a rapid 
growth and are transforming to mega cities very fast as a result of population growth. There 
are important parameters associated with the intensified urbanization trend, which is defined 
as the alteration of land cover  and people shift towards living in cities (Mills, 2007), that in a 
way or another may damage the livelihood and the environment. The distended impervious 
surfaces contribute to the wastage of rainwater and its related problems by accelerating the 
runoff generation and consequently the inundation of the area in cases of too much water. 
Tabatabaee et al. (2009) attributed city inundation to the massive runoff caused by high 
intensity rainfall. Due to the localization and high intensity of the rainstorms, the potential of 
cities inundation and consequently water pollution and environment degradation is very high. 
Though absolutely not desirable, the water with the best quality become degraded and wasted 
where it is mostly needed. The preservation of this precious source of life in many urban 
regions, when lost, is beyond recovery, especially in the urban parts of arid and semi arid 
climate. During the dry period the same urban areas suffer dryness and heat. As due to the 
urbanization effect, the sealed ground layer reduces the evaporation sink due to less 
infiltration; this result in high surface temperatures and rising sensible heat, also during the 
night time. Yet, the increase of the layer depth yields increase of the primarily conductive 
heat flux of the surface material during the day time and releases more heat at night. This 
leads to a phenomenon known as Urban Heat Island (UHI), which is the significant warming 
of urban areas compared to its surrounding rural areas (Mills, 2007; Arnfield, 2003).  
Contrary to urban development, rural areas are declining at the expense of urban areas 
expansion. In these areas, the main common economic activities are agriculture and livestock 
husbandry. Both activities are very susceptible to the rainfall amount and intensity 
fluctuations in the regions of arid and semi-arid climate. In these regions, the readily 
available runoff water from rainfall is determined mainly by the surface topography, soil and 
vegetation cover. Due to the drought and/or extreme rainfall, people in rural areas may lose 
their income source, i.e. crops and livestock. Ecological vulnerability to drought and 
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desertification results in economic constrains that emerge the rural migration (UNFPA, 
2007). As an example, extremely-dry weather encourages temporarily to permanent 
migration in Oman (Al-Ismaily and Probert, 1998). Some statistics of the world population 
indicate the continuous decline of the rural population from 52% in 1992 to 49% in 2010 
(World Bank, 2012), and is expected to reach up to 43% by 2025 and 30.4% by 2050 (UN, 
2008). Prolonged drought may have impact resulting in some socio-economic transformation, 
such as sedentarization of the nomads or the migration to cities; contrary to the case of flash 
floods where people may have to leave the flooded area temporarily but they return after the 
flood impact is over.  
For instance, located within the semi desert to arid belt, Khartoum State (the capital of 
Sudan) experiences erratic and intense rainfall during the rainy season and dryness and heat 
throughout the rest of the year. Elagib (2010a) found that the annual rainfall in Central Sudan 
is dependent on the very strong rain event (> 30 mm) which raising the flood hazard in 
certain years. In addition, according to Davies and Walsh (1997) there are signs that the last 
decades of the last century showed large rainstorms frequency increment despite the decrease 
in the annual rainfall. This together with the earlier statement by Tschakert et al. (2010) 
coincides with the fact that high intensity rainstorms with a short duration have become more 
frequent in the area since the last two decades, e.g. 1994, 1998, 2001, 2003, 2007, and 2009.  
High intensity rain events during the rainy season lead to many problems in the rural and 
urban areas of the state. For examples, rainstorms results in cities inundation shortly after the 
onset of a rainstorm, bringing the city into chaos; whereas flash floods threat the rural 
settlements. However, during the dry season, the potential of high temperature and heat in the 
urban areas increases, as these parts of Khartoum state are of continuous expansion and solid 
surfaces are spreading out. Elagib (2010b) has proved the existence of UHI in Khartoum, 
wherethe highest warming rate is registered for the hot season and is more than twice that for 
a rural surrounding. At the same time, many rural areas experience the heat and dryness 
almost throughout the year, excluding the short rainy season. For the settlements away from 
the Nile and without accessibility to groundwater, rainfall represents the sole water source. 
They store the runoff water in hand dug or excavated ponds traditionally known as Hafiers, 
which mostly do not last longer after the rainy season; therefore, fetching water from other 
sources to cover their water demand has become a priority for the villagers.  
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In view of all the above, solutions should be sought where the most benefit could be made of 
the rainwater to solve the water related problems – surplus or shortage - in urban and rural 
areas of the arid regions. Both areas are in need of the problematic rainwater during the dry 
season, which is wasted either to the sewer system or to the rivers and unproductive grounds, 
to tackle the problems of the dry hot season. As it is not a matter of allocating a scarce water 
resource to solve a local water shortage problem, it is more about storing water when 
available to be used when it is unavailable, i.e. the broad concept of the water buffer, i.e. 
recharge, retention, and reuse (Tuinhof et. al, 2012). According to Oweis et al. (1999), 
Rainwater Harvesting (RWH) is in general an old concept for saving rainwater for later use.  
It was used by the old civilizations for drinking water supply and irrigation (Oweis et al., 
2001; Prinz, 1996). Nevertheless, it is traditionally still in practice in some rural and urban 
parts worldwide. Recently, this technology has gained more interest as water conservation 
and management method (Prinz, 1996). Simplicity of installation (Şen et al., 2011; Prinz and 
Singh, 2000) and the low maintenance and energy cost (Şen et al., 2011; Steenbergen et al., 
2011a; Prinz and Singh, 2000) makes rainwater harvesting systems attractive to be adopted in 
the urban and rural regions of arid climate. Rainwater harvesting system in these regions 
could be efficient tool for managing water shortage, mitigating drought (Tabatabaee et al., 
2009; Prinz, 1996), and combating desertification (Wickens, 1997).  
 
1.2 Problem Statement  
There are consequent economical and environmental constrains related to the impact of 
rainstorms during the rainy season and water shortage throughout the dry season in the urban 
and rural areas of Khartoum State. These constrains have effect on the development of the 
region; since the development of the rural and urban areas is not a separated issue as far as 
the urban-rural linkages remain exist (Tacoli, 2011). As Figure 1.1 shows, Khartoum City 
Center in Khartoum locality and Seleit area in Khartoum North (Bahri) locality are taken to 
represent these problems in the urban and rural parts of the state, respectively. These two 
areas are selected not only due to the proximity of Seleit area to the urban center of Khartoum 
state, but also owing to the mutual benefits between the two areas, which represents the 
interdependency between the rural and urban areas of the state. Rural areas are producers of 
farm and animal products while the urban areas are markets providers of goods and labor 
(Tacoli, 2011).  
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Figure ‎1.1The study areas location within Khartoum state: Rural (above), Urban (below) 
(Source: Land Use Map of Khartoum State (2000); altered) 
 
Seleit area is located northeastern Khartoum State, about 40 km distance from the city center. 
It is part of the rural area of Khartoum North (Bahri) with good connection to the larger 
villages and nearby cities of Greater Khartoum, i.e. Khartoum, Omdurman and Khartoum 
North (Bahri). Agriculture in the Nile flood plains and animal husbandry are the main 
economic activities for most of the villagers. They provide the local markets with vegetables 
and dairy products. El Kangar, El Seleit, and El Kabbashi Wadis (ephemeral water course) 
are constituted by settlements of sedentary nomads in the upstream and villages of mostly 
farmers in the downstream. Seasonal Wadi runoff water is the main water source for the 
former, whereas the latter have access to the Nile water or groundwater. However, water 
shortage in the area, due to the influence of the arid climate and the dependency on the Wadis 
seasonal water, affects the sustainable production, and consequently, the sustainable income 
of the villagers. From one hand, the local markets become vulnerable to the shortage of 
vegetables and animal products supply, which has direct effect on the prices. On the other 
hand, the low income forces the villagers to seek other income means in the nearby cities. 
Activities practised by the marginal job seekers put great pressure on the yet limited public 
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utilities and infrastructure of the cities, and in a way or another, contribute to the deterioration 
of the environment and urban heat during the rainy and hot dry seasons, respectively.  
Khartoum State annual reports for the years (2005-2008) by the Main Room to Prevent the 
Risks of Rainstorms and the Effects of Floods (Table 1.1), shows the annual expenditure of 
Khartoum State Government for the preparatory work before the rainy season and for the 
mitigation measures of rainstorms impact. For a country like Sudan with 60% rural or 
nomadic population (UNDP, 2011) and half of the population, according to International 
Fund for Agricultural Development in 2007, is below poverty line of US$ 1 a day (IOM, 
2011), this yearly expenditure for taking modest measures, e.g. clearing drainage canals; 
constructing culverts and bridges; pumping storm water out of the area; etc, is comparatively 
too much. Figure (1.2) shows an example of a post rainstorm measure taken to drain the 
trapped water in a traffic tunnel in Khartoum city. Taking the year 2005 as an example, the 
total expenditure of the state estimated as 321000 SDG (US$ 139000); for the same year the 
per capita Gross National Income (GNI), formerly Gross National Product per capita Income, 
was 1403 SDG (US$ 610). The ratio of both values results, theoretically, in the total number 
of individuals or households,i.e. 228, who could have gained this monthly/annual income. In 
addition, there are also unapparent parameters which are rarely considered when estimating 
the rainstorm impact; for instance, the inevitable deducted working hours in the civil services 
and the industry because of the delay or illness. Malaria is a common consequence of the 
environmental problems caused by the stagnant water, which becomes a breeding 
environment for water borne diseases insects. 
Table ‎1.1 Khartoum State annual expenditurefor rainy season preparation and mitigation measures 
 
 
 
No. Year 
Cost in Sudanese 
Pound (SDG) 
(10
3
) 
Equivalent cost 
in US$
* 
 
(10
3
) 
GDP per Capita 
in US$
**
 
(10
3
) 
GNI per Capita  
in US$
***
 
1 2005 321 139 2.1 610 
2 2006 437 139 2.4 760 
3 2007 655 334 1.9 930 
4 2008 558 256 2.2 1140 
Khartoum State Total Population: 5.2 million (2008 census) 
* 1 $ US = 2.3 SDG (2005) ; 2.26 SDG (2006); 1.96 SDG (2007); 2.18 SDG (2008): Source OANDA (2012)                     
**Gross Domestic product (PPP),  Source: CIA World Factbook (2011) 
***Gross National Income (GNI), Source World Bank (2012) 
(Source: Author; after Khartoum State Main Room to Prevent the Risks of Rainstorms and the Effects of Floods-
Annual Reports (2005-2008)) 
Water harvesting for Integrated Water Resources Management and Sustainable Development in Khartoum State - Introduction 
8  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure ‎1.2 Drainage of inundated streets after rainstorm event (Afraa tunnel, Khartoum) 
(Photos: University of Khartoum Engineers Group by Yahoo groups (Hundasa group); September 2009) 
 
 
1.3 Research Broad Objective 
In view of the aforementioned problems, the broad aim of thisresearch study is to investigate 
the application of potential rainwater harvestingin the urban and rural areas of Khartoum 
State. Since water shortage and surplus during the dry and rainy season, respectively, are the 
main problems affecting the sustainable development in the region, water harvesting will help 
managing the runoff water during the wet season to be used beneficially to mitigate the 
drought problems during the dry season for the sake of rural and urban development and 
welfare.In this context, the broad objectives of thisstudy are: 
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- In the urban part: application of rainwater harvesting as a solution to urban runoff 
water management through changing the dominant concept of the immediate drainage 
of runoff water to the retention of the rainwater for later use. From one hand, 
capturing part of the rainstorm water will prevent cities inundation and reduce the 
immediate pressure on the drainage system, i.e. urban storm water management. On 
the other hand, the stored water could be used for purposes other than drinking, but 
mainly for more and durable green areas, i.e. reduction of the pressure on the potable 
water supply system and enhancement of the urban environment.  
 
- In the rural part: investigation of the potential water harvesting sites and systems for 
efficient runoff/rainwater harvesting, so that water becomes more available and 
accessible. This will contribute to the rural development and better livelihood through 
the enhancement of the rural economic production, and the possibility of allocating 
more time for education and productive activities, especially for women and children. 
 
- To assess how water harvesting, as water conservation and management, in the rural 
and urban parts can influence the development of the region; since they are interacted 
and interdependent. For sustainable development plans this urban-rural linkage needs 
to be considered.  
 
1.4 Report structure 
This report consists of seven chapters that investigate the potential of water harvesting 
application in the rural and urban parts of Khartoum State in Sudan as a method of integrated 
water resources management (IWRM) and sustainable development. Chapter one is made of 
an introductory part about the rural and urban of the world and the effect of extreme 
climateological events, i.e. rainstorms and drought, on the livelihood of their inhabitants; it 
included an overview of the problem statement and the broad aim of this study. Chapter two 
is devoted for water harvesting state of the art, where among others, the purposes, types, and 
sites of water harvesting are presented. In addition, some case studies of application of water 
harvesting in rural and urban parts of the world is illustrated. Chapter three gives a short 
introduction about Khartoum State, including its geographical and geophysical 
characteristics. The case studies of water harvesting in the urban part and the rural part of 
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Khartoum state is presented in Chapter four and Chapter five, respectively. Here, the area 
specific problem, objectives, the methods applied, and the results obtained are shown; the 
methodology is the same for mapping the area and quantifying the runoff resulted from the 
individual rainstorms with some consideration to the distinguished characteristicsarea of both 
area. Chapter six discussed the linkage and interdependency between the rural and urban 
areas in general and specifically in Khartoum State and the reason behind the rural migration 
to the urban areas. It presented the importance of the simultaneous development of the rural 
and urban areas for their sustainable development and people welfare. Chapter seven is 
devoted for the conclusion of the whole study and to the recommendations.  
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2 State of the Art 
2.1 Introduction 
A rapid diminishing of per capita water resources is going to characterize the near future, if 
the careless and unwise thinking regarding water resources continues leading to absolute 
change of lifestyle (Pereira et al., 2002). According to Qadir et al. (2007), by the year 2025 
and as a consequence of population growth, only around 40% of the world population will 
suffer no water scarcity. Therefore, the trend in countries of future water scarcity is to be 
more dependent on non-conventional water resources to partially cover the supply shortage; 
these sources are considered as potential solutions to tackle the increasing drought 
frequencies because of climate change impact (Domènech et al., 2011). Non-congenital water 
resources include seawater desalinization, reuse of wastewater, and rainwater harvesting 
(Qadir et al., 2007); but according to Domènech et al. (2011), rainwater harvesting is 
considered as the most preferable non-conventional water source compared to the other two 
alternatives because of its simplicity and low environmental impact. For countries with acute 
water deficit, i.e. water stress,application of virtual water concept could be a solution to 
secure food since the production of food domestically is not viable (Qadir et al., 
2007).Rainwater is a promising water sources in both rich and poor rainfall characterized 
regions (Pereira et al., 2002). According to Gnadlinger (2000), rainwater harvesting will be a 
significant input for overcoming future water shortage problems; it is applicable in different 
climates worldwide with special significance to countries in the arid and semi arid regions 
(Gnadlinger, 2000; Lee and Visscher, 1992). These regions represent about one third of the 
world (Gnadlinger, 2000; FAO, 1989)and are characterized by spatially and temporally 
distributed low annual rainfall and high temperature and evaporation (Lee and Visscher, 
1992). According to Oweis et al. (1999),water harvesting is found in dry areas of 100 – 300 
mm annual rainfall to support rain-fed agriculture.  
2.2 Water Harvesting 
2.2.1 Definition 
There are many definitions for water harvesting, mostly depending on the purpose of use; but 
generallyit is defined as the practice where water is made accessible by concentration of 
rainwater or diversion of runoff water for the beneficial use (Moges, 2004; Goins 2002; 
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Pereira et al., 2002), or it is the method where runoff water generated from rainwater in larger 
areas is collected and beneficially used in smaller area (Oweis et al., 2001; Oweis et al., 
1999). Prinz (1996) defined water harvesting as the surface water collection and use for 
irrigation purposes and watering livestock. According to Ishaku et al. (2011), rainwater 
harvesting isa promising economical small-scale technology for increasing the safe water 
supply in an environmental friendly way, as financial limitations hinder the development of 
large-scale water resources for securing safe water access for the rural communities. 
2.2.2 History of Water Harvesting 
The decline or vanishing of rainwater harvesting techniques in the world is a consequence of 
life style change and introduction of agricultural techniques. These techniques were practiced 
in moisture moderate climate zones to drier ones that went parallel with the colonization era 
and the industrial revolution of the 19
th
 and 20
th 
centuries in the developed countries 
(Gnadlinger, 2000). 
According to Oweis et al. (2001),water harvesting is as ancient aspeople lived and practiced 
agriculture in the dry lands. A comprehensive literature review has been made by Prinz 
(1996) regarding the history of water harvesting worldwide, with emphasison Asia, Africa 
and America. He referred to many water harvesting systems and their application in 
agriculture that was practiced in the past and developed since the middle of the last century.  
In Asia water harvesting practices were documented to be present since long time in the 
Middle East, Saudi Arabia, Pakistan, India, and China. For the Middle East, the study of 
ancient human activities proved the existence of water harvesting structures in Jordan, Syria, 
Iraq, the Negevand the Arabian Peninsula,especially Yemen. The structures are dated back to 
9000 years in Jordan; 10
th
 century BC in Negev with only 100 mm; 1000 years BC in North 
Yemen. The systems practiced in these regions are mainly floodwater harvesting (Yemen), 
runoff farming (Negev), flood irrigation (Saudi Arabia), water bunds in Pakistan (Khuskaba 
and Sailaba) and India (Tank, Khadin, and Ahar), and flood diversion in China (Warping)for 
capturing water and sediment (Prinz, 1996). 
In Africa water harvesting was practiced since the Roman time in North Africa: Libya (runoff 
irrigation) (Oweis et al., 2004), Morocco (various traditional systems), Algeria 
(lacscollinaires), Tunisia, Figure 2.1, (Meskat, Jessour, and Mgouds) (Oweis et al., 2004), 
and Egypt (Wadi terraces). In sub Saharan Africa water harvesting is found in East Africa in 
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Somalia (Caag and Gawan) and Sudan (Hafier); and in West Africa in Niger (rock bunds), 
Burkina Faso (rock bunds, stone terraces, and Zay) and Chad (various traditional systems). In 
America brush weirs was among other traditional system that were used to spread floodwater 
in the desert lands of Southwest USA and North Mexico (Prinz, 1996). 
 
Figure ‎2.1 Cross section of Jessor system in Tunisia  
(Source:El Amami 1983 in FAO 2003; altered) 
 
The review, furthermore, investigatedthe development of water harvesting research and 
application in the region starting from the mid of the last century; accordingly, since the 60’s 
of the last century water harvesting was reconsidered for supplying water for crop production 
and rangeland enhancement.However, the 80’s were the period where water harvesting 
projects were extensively applied in the region including Australia.  
2.2.3 Principle of Water Harvesting 
Oweis et al. (2001) described the principle of water harvesting as the abstractionof rainwater 
portions from adjacent unproductive areas and the addition of it to one area for productivity 
enhancement, whereas Goins (2002) considered water harvesting principle as the 
management of water upstream the catchment; the establishment of many sub-catchment for 
concentrating, slowing, and infiltrating water; the preparation of evaporation reduction and 
flooding prevention measures; the setting of harvested water for beneficial use; and the 
monitoring of the system. 
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2.2.4 Types of Water Harvesting Systems 
Prinz (2002) classified traditional water harvesting into rainwater harvesting, floodwater 
harvesting, groundwater harvesting, and fog and dew harvesting. Figure 2.2 shows this 
classification according to the source of the harvested water. 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
Figure ‎2.2  Types of water harvesting related to the water sources (Source: Prinz, 2002) 
 
Rainwater harvesting, as shown in(Figure 2.3), is related to the collection of runoff water 
(Moges, 2004)from roof top, micro-catchment, and macro-catchment rainwater harvesting 
(Moges, 2004; Prinz and Singh, 2000). The classification of micro- and macro-catchment is 
depending on the size of the runoff area; the produced runoff; the area of the cultivated land; 
and the crop type (Oweis et al., 1999). Illustration of distinguished types of both systems, e.g. 
contour ridges, small pits, runoff pits, Jessour, Hafier, etc., and the guidelines for selecting a 
specific one is found in Oweis et al. (2001) and Qadir et al. (2007).Discharge collection from 
watercourses is referred to as Floodwater harvesting, Figure 4.2, (Moges, 2004). Floodwater 
harvesting of large catchment water harvesting is classified by Prinz and Singh (2000) into 
floodwater diversion and floodwater harvesting within the stream bed. Qanat system, sub-
surface dams, and storage dams (Prinz and Singh, 2000) are the systems for groundwater 
harvesting. Prinz (2002) described Qanat system to be a horizontal tunnel connected to 
vertical wells where underground water flow with gravity force to the surface. Fog and 
dewharvesting can be harvested for various usages in coastal regions. Artificial surfaces like 
nets could be installed to capture the condensed drops of fog; for instance,860 mm of fog 
could be harvested in a region in Chile with annual rainfall of 60 mm (Prinz, 2002). Dew is 
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formed mainly in valleys with 40 – 50 mm a year; however, it has replaced irrigation in some 
dry coastal areas (Prinz, 2002). According to Qadir et al. (2007), fog water harvesting is 
feasible in areas with recurrent fog episodes; collected water can be used for human 
consumption. He described the harvesting process, where the condensed water is collected on 
a wire screen or net that is connected to a drain pipe. The water drains into a container 
located on the roof. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure ‎2.3 Rainwater harvesting:  Micro- and Macro-catchment systems 
(Source: FAO 2003) 
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Figure ‎2.4 Floodwater harvesting system (Source: FAO 2003) 
 
2.2.5 Purposes of Water Harvesting 
According to Gnadlinger (2000), the increasing population in many semi-arid regions of the 
world pressurizes the water supply to meet the human, animals, and agriculture needs. 
Thus,meeting the supply needs in case of water scarcity should promote innovative methods 
that do not tackle the problem head-on; for instance, by encouraging the impediment of water 
loss in regions of water scarcity, particularly that involves man activity(Pereira et al., 2002).  
2.2.5.1 Water harvesting for agriculture 
Agriculture in the arid and semi-arid regions of the world used to be depended on water 
harvesting; however, this practice was refreshed some decades ago and will be considered as 
irrigation water management and drought alleviating tool in the future (Prinz, 1996). Oweis et 
al. (1999) proposed two types of water harvesting for agriculture: runoff farming water 
harvesting (RFWH) and supplemental irrigation water harvesting (SIWH). Both techniques 
are used to supply crops with additional water when the rainfall is inadequate to satisfy the 
crop water need during the growing period. The difference is that the harvested water is 
stored directly in the soil profile of the cropping area in the case of RFWH where as it is 
stored outside the cropping area, e.g. in a reservoir or as such and provided to the crop when 
needed. According to Prinz (1996) and Wickens (1997), storing rain/runoff water in some 
section of the arable lands in drought prone areas can considerably augment the land 
productivity. 
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Water harvesting for plantation requires the selection of plants according to the potential 
harvested water storage and to the plant water requirement. The catchment area should be for 
the plants with high water demand and the furthest areas for drought tolerant plants (Goins, 
2002). Oweis et al. (2001) recommended the cultivation of local crops and tree species those 
are of drought tolerant as well as water logging resistant species when water harvesting 
system is in function; this is due to the fact that rainfall in dry areas are erratic and stormy. 
Thus, water harvesting systems mostly are not capable to fully provide the required water 
needed by the crops; and from the other hand after rainfall events the surface may be covered 
with water for some days.The types of water harvesting for agricultural production are, 
among others, a) water harvesting for animal consumption; b) inter-row water harvesting; c) 
micro-catchment water harvesting; d) medium-sized catchment water harvesting; and e) large 
catchment water harvesting (Prinz, 1996).   
2.2.5.2 Water harvesting for drinking water supply and domestic use 
According toPereira et al.(2002), arid zones and regions with long dry spell seasons need to 
guarantee about 2000 liter per person for the dry season, i.e. 10 liters/day/person, which can 
only be secured through relatively large reservoirs.25 per cent of 5 mm runoff from 2 km
2
 is 
enough to cover the domestic need for 100 people for 1.5 years. Yet, water harvesting system 
for drinking water purposes should be maintained regularly and kept clean to avoid potential 
pollution hazard (Oweis et al., 2001). 
2.2.5.3 Water harvesting for groundwater recharge 
Rainwater can be used for recharging aquifers in areas where groundwater is of most 
importance, i.e. spreading of rainwater over recharging area. This area could be of natural 
vegetation or a surface reservoir. The natural vegetation increases with more water and in 
turn more infiltration and transpiration. Although land use change may negatively affect the 
recharging process;nevertheless, the change from natural vegetation to agricultural land may 
give the possibility for more recharge due to the seasonal cropping pattern. Yet, the potential 
of water loss through evaporation is very high from surface reservoirs. In addition, the 
percolated water is considered as loss in case of mixture with saline groundwater as well as 
infiltration to a confined inaccessible aquifer. From the other hand, the impediment of water 
upstream have its impact on water availability downstream being as surface water or 
groundwater that get direct recharge from streambed (Pereira et al., 2002). 
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2.2.6 Water HarvestingTechniques 
Water harvesting systems are passive or active ones; both systems redirect rainwater to other 
areas for direct use (passive system) or for collection and impermanent storage (active 
system) (Goins, 2002). Local cultural and social expectations as well as the physical layout of 
the resources and of supply points determine whether a system working efficiently and 
drought safeguard; for instance, an enhanced inefficient water use system can be more 
effective during drought time compared to a competent inflexible system that is vulnerable to 
collapse in case of less supply (Pereira et al., 2002). 
2.2.6.1 Water harvesting parameters 
Rainfall, topography, soil and vegetation cover are the parameters to be considered when 
planning for water harvesting:  Rainfall is very important for planning water harvesting 
projects. The factors which related to rainfall and those should be considered when designing 
rainwater or floodwater harvesting systems are defined by Prinz and Singh (2000) and Oweis 
et al. (1999)to be the number of days with rainfall beyond the threshold rainfall; the 
probability and return period of the mean,minimum, and maximum monthly rainfall; and the 
storm intensities and frequency distribution. Design rainfallfor agriculture is defined as the 
rainfall which provides exactly as or more than the plant water requirement along the 
growing season; it is determined by planners for the specific water harvesting system (Moges, 
2004). 
Soil type and depth, including soil texture and structure, determine the soil water holding 
capacity, the surface runoff generation, the hydraulic conductivity of a soil in the catchment 
and cropping areas, and the erosion process in the catchment (Moges, 2004; Oweis et al., 
2001; Prinz and Singh, 2000). According to Terribile et al. (2011), soil mapping for 
agricultural purposes is a worthy basis for extracting hydrological information, regardless of 
the map scale. The map feature can be indirectly related to hydrological criteria; for example, 
the presence of calcium carbonate (CaCO3) coating indicates alternating dry and wet 
conditions with a strong dry period, while gypsum coating (CaSO4. 2H2O) indicate a very dry 
soil environment  
For the selection of suitable water harvesting technique, topography remains a key aspect. 
For instance steeper slope with shallow soils are favorable for catchment areas and lower 
slopes with deep soils are for cultivating fields (Oweis et al., 2001). 
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The dense the vegetation cover the less is the runoff generation of a rainstorm. Vegetation 
intercepts the rainfall drops preventing the soil crusting formation; consequently increasing 
the infiltration capacity. The vegetation cover also holds the surface water giving enough 
time for water to infiltratethrough the porous soil; the roots and organic matter increase the 
porosity (Moges, 2004).   
2.2.6.2 Rainfall - runoff relationship  
The most critical aspect of water harvesting is planning. Establishment of competent water 
harvesting systems requires the study of certain planning factor, i.e. potential water supply 
from rainwater (Goins, 2002).  According to Oberle (2004), there are many methods those are 
used for runoff quantification as the index and the Soil Conservation Service (SCS) methods. 
Osterkampl and Friedman (2000) related the difference in the rainfall – runoff relationship in 
the humid and semi arid regions of the USA to soil and vegetation cover; infiltration and 
interception reduce the runoff volume in the former and the bare crusted surfaces augment the 
runoff volume in the latter. According to Oweis et al. (1999) despite the low magnitude of the 
mean annual rainfall, large areas could produce huge quantity of water volume. For instance, 
crust formation following a rainfall event in some areas result in high runoff and less 
infiltration. According to Osterkampl and Friedman (2000), rainfall magnitudes ≥ 200 mm 
are representative of 6 hours duration and 100 return period rainfall events in semi arid (250-
500 mm) regions of the USA. This depth decreases systematically to 100 mm to the north, 
east, and west. Rainfall threshold of 5 mm/event for runoff generation is used in many 
rainfall-runoff models (Prinz and Singh, 2000).  
A study by Elfaki et al. (2011) in the arid region of central Butana in Sudan, found that the 
minimum potential runoff can be produced from the reddish sandy clay covered by the forest 
soils is 13 – 32 mm yr-1. While the clayey soils covered by the rainfed agriculture and the 
rangeland produce 61 – 64 mm yr-1 potential runoff. Field experience in the arid and semi-
arid regions of the Arabian Gulf states, according to Nouh (2006), showed that average runoff 
coefficient of 15.8% results in surface runoff only with storm rainfall above 20 mm. The time 
frame needed from the beginning till the end of the flash floods is about 12 hours. The factors 
that affect the runoff are summarized by Osterkampl and Friedman (2000) to be the storm 
intensity and duration, the soil conditions, the slope and the vegetation density, e.g. the sparse 
vegetation cover and the poor shallow soil profile enhance the runoff. 
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2.2.6.3 Potential runoff quantification methods 
Appropriate operation and management of water resources systems require the evaluation of 
surface runoff (Nouh, 2006), which can be specified using runoff measurements devices, 
calculated using empirical equations, or evaluated from simulation methods (Oweis et al., 
1999).According to Goins (2002), the potential supply of water that can be captured by rain 
harvesting techniques is estimated by: 
𝑷𝒐𝒕𝒆𝒏𝒕𝒊𝒂𝒍 𝑺𝒖𝒑𝒑𝒍𝒚 = 𝑹𝒂𝒊𝒏𝒇𝒂𝒍𝒍 × 𝑪𝒂𝒕𝒄𝒉𝒎𝒆𝒏𝒕 𝑨𝒓𝒆𝒂 × 𝑹𝒖𝒏𝒐𝒇𝒇 𝒄𝒐𝒆𝒇𝒇𝒊𝒄𝒊𝒆𝒏𝒕 
 
Where 
Rainfall: average monthly or yearly rainfall. 
Runoff coefficient: describes the percentage of water that may run off of each specific 
surface. 
 
The Soil Conservation Service (SCS) or Curve Number (CN) method, recently known as the 
Natural Resources Conservation Service (NRCS) is a rainfall-runoff quantification method 
that is developed by the United States Department of Agriculture. According to Hoesein et al. 
(1989), the SCS-CN method is considered as a deterministic or probabilistic model. The 
former model is applied when a runoff depth is to be estimated from a certain storm event, 
while the latter is applied to derive a flood with specified return period from a design rainfall 
with similar return period. Studies by Abdurahman (2009) and Tsheko (2006) found that the 
SCS method is applicable for estimating runoff for ungauged catchment. The method is 
dependent on CN, i.e. the runoff factor; the higher the value of CN the more the runoff and 
vise versa. The determination of CN value is dependent on the land use/ land cover and the 
soil type. It can be either selected from tabulated values or be calculated using observed 
rainfall and runoff data. Applying the tabulated values, the curve number for the moderate 
antecedent moisture condition (AMC II) from the National Engineering Handbook section-4 
(NEH-4) tables gave rational and satisfactory estimates of the runoff volumes (Abdurahman, 
2009). According to Hawkins (1993), the accuracy of the runoff value estimated by the SCS-
CN method is very dependable on CN value; therefore, CN must be calculated using real 
local measured rainfall and runoff data of a watershed. Hoesein et al. (1989) agreed that SCS-
CN method for design purposes should use CN values derived probabilistically from 
observed rainfall – runoff data.  
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However, A study by Soulis et al. (2012b) found that for a gauged natural watershed the 
calculated values of CN from rainfall-runoff data differ steadily with the rainfall depth; 
therefore, the association of one value of CN to the watershed becomes unrealistic, 
contrasting assumptions by other studies. In addition, calculation of CN from real runoff data 
follows no particular procedure despite the great number of research studies in this regard.  
Soulis et al. (2012a) showed that CN values calculated from observed rainfall-runoff data can 
be affected by the watershed heterogeneity in terms of soils and land cover, strengthening the 
need for more than one values for CN for better watershed heterogeneity description and 
easier CN specification procedure; Hoesein et al. (1989) mentioned the findings by Wood and 
Blackburn (1984) that runoff estimates using the SCS-CN deterministic model showed better 
results for sparse vegetated cover or bare soil in comparison to densely vegetated areas. 
Hence, runoff calculation for a heterogeneous watershed is accurately estimated using 
weighted runoff values, calculated for the individual sub watersheds, than using the area-
weighted CN values (Soulis et al., 2012a).In addition, more CN values enable the 
consideration of more rainfall depths and not only those high peak runoff producers (Soulis et 
al., 2012a). A study by Tsheko (2006) concluded that the SCS method had poorly predicted 
the runoff generated from low rainfall, high and low CN values require minimum of 30 mm 
and 40 mm rainfall, respectively, for runoff generation. 
The combination of the SCS-CN method and the remote sense and geographical information 
system will advance the runoff calculation preciseness which is essential for determining the 
potential water harvesting sites and techniques (Kadam et al., 2012).For instance, Oberle 
(2004) analyzed the soil and classified the land use from satellite image in order to define the 
soilscape units. Then after, the CN values were estimated and the potential runoff was 
calculated based on two years return period rainfall.  
Oberle (2004) applied the index method to predict the runoff in a watershed in Syria. Data 
layers for the runoff generation parameters, slope, soil texture, vegetation cover, stoniness 
and roughness of soil, antecedent soil moisture, and flow length were created. Values of each 
layer were classified and assigned an index weight according to their importance to runoff 
generation. Two scenarios were applied for evaluating potential areas for floodwater 
harvesting: A scenario including all layers; and B scenario where the flow length layer was 
excluded. According to Oberle (2004), similar method was used successfully by (Osman 
1996) in the arid lands of Sudan. 
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Jasrotia et al. (2009) applied the water balance method introduced by Thornthwaite and 
Mather (TM) model together with remote sensing and GIS. Long term average monthly 
rainfall and evpotranspiration and soil and vegetation characteristics were used to find out the 
periods of moisture deficit and surplus.  
Statistical and mathematical models: Nouh (2006) predicted the annual maximum and 
monthly average Wadi flow at a location in the Arabian Gulf states. He found that the annual 
maximum flood flows with up to 20 years return period were forecasted with reasonable 
precision, using regional curves that are derived by the Peak of Threshold (POT) and the 
annual maxima (ANNMAX) models. For the monthly average flows he recommended the 
application of the autoregressive moving average (ARIMA (1, 0, 1)) model due to its 
reasonable representation. Both results were based on the quality and quantity of the available 
flow data during the study period. He concluded that the POT model could be used for flood 
quantification at low elevation sites in the Arabian Peninsula. For elaborated information 
about model types and application in the field of hydrology; mainly rainfall-runoff modeling, 
refer to Beven (2001), Shadeed (2008) and Tedela (2009). However, rainfall-runoff models 
require in depth knowledge about certain parameters and initial condition, which is mostly 
not easily obtainable (Moges, 2004).  
2.2.6.4 Water harvesting systems 
Water harvesting projects are categorized as large or small depending on the size of the area, 
the number of the beneficiaries, and the investment capital (Pereira et al., 2002).Therefore, 
water harvesting systems according to Prinz (1996) should be cautiously selected; 
consideration should be made for the climatic and physiographic characteristics of the site, 
the purpose of the project, and the financial capacity. Field visits, site investigation, 
topographic and thematic maps, remote sensing (RS), and Geographic Information System 
(GIS) are ways for data acquirement for planning, designing and implementing water 
harvesting systems (Oweis et al., 2001).Water harvesting systems can be simple or highly 
sophisticated ones depending on the purpose of utilization (Gnadlinger, 2000), e.g. reservoirs, 
terracing, small dams, flood spreading, water holes and ponds, or tanks (Pereira et al., 2002). 
However, whatever techniques is selected should be compatible with the region socio-
economic condition (Oweis et al., 2001) 
Roof catchment water harvesting system is made of three fundamental parts that are the 
collecting are (catchment), the conveyance system (connections), and the storage (tank) 
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(Tuinhof et al., 2012). According toPereira etal.(2002),the promotion and teaching of usage 
of simple low cost techniques, for collecting and storing roof water is of high necessity. 
Successful examples of innovative water storage tanks in the dry regions of Thailand were 
reflected through the change of the lifestyle of the majority populations there, where adequate 
water for domestic use was made available throughout the year. Yet, water borne diseases are 
a major health concerns due to the exposure of stored water to health threatening insects; 
water disinfection and storage careful coverage are of great help. The total water loss when 
using rooftop water harvesting is considered to be 20%, including the texture of the roof 
material, evaporation, conveying and storing losses (Abdulla and Al-Shareef, 2009).In a 
study for water balance of urban impermeablesurfaces in London, Davis (1981) found that 
the generated runoff from these surfaces is always less than 100%; the pitched and flat roofs 
resulted in 76% of the total runoff. 
Reservoirs are usually constructed to assure at least minimumconstant water supply 
throughout the year, for the various application.Some factors are responsible of the 
lowefficiency of surface or aquiferous reservoirs, i.e. infiltration, evaporation, and 
sedimentation; therefore, attention should be paid to the reservoir size and site as well as to 
upstream soil conservation practices(Pereira et al., 2002).Figure 2.5 shows two rainwater 
reservoirs being constructed in a humid area (1300 mm/annum) in Vietnam for growing 
Paddy (Prinz, 2002) and in an arid area (100-200 mm/annum) in Sudan for flash flood 
protection; the main problem faces the latter is the loss of reservoir water to evaporation. 
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Figure ‎2.5 Rainwater reservoir inNorthern Vietnam (above; Photo: Prinz, 2002) 
and in Khartoum-Sudan (below; Author, 2011) 
 
Teras is a bounded arable area for runoff harvesting from nearby catchments. It works as soil 
moisture conservation, water and nutrient harvesting, and erosion prevention structure. The 
system is made of two parts: the arable land which is bounded on three sides and collecting 
area of rainwater or floodwater at the open side upslope of the arable land (FAO, 1993). 
Dams for rain- and floodwater harvesting could be above ground or underground structures. 
According to Prinz (2002),groundwater structure impounds the flow of floodwater where the 
water is saved in the sediment underneath the surface. Subsurface dams and sand storage 
dams are the two types of groundwater dams.They are mainly for groundwater aquifer 
recharge or raising the water level.Small dams can enhance the rangeland by increasing the 
time needed for infiltration; in turn the annual biomass production may increase up to two 
folds in semi arid regions; nonetheless, siltation is the main obstacle in managing small water 
supply reservoirs due to upstream stream channel erosion or human induced soil degradation 
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practices; therefore, the optimum solution could be an active or filled cropped sediment trap 
upstream the reservoir(Pereira et al., 2002). 
Flood spreading: according toPereira et al.(2002), relatively large quantities of runoff water 
in areas of undulating to flat topography is accumulated in stream channels; however, the 
abundance and tininess of these streams makes the use of this water not easy. But, diversion 
channels can be used to divert part of the channel water to a deep pond or small dam. 
Water ponds: according toPereira et al. (2002), water in natural depressions could be of a 
rising groundwater table or due to surface water flows; with little modification they can be of 
beneficial use for people, i.e. pond embankment and deepening, to reduce evaporation loss 
especially in regions with high evaporation potential.Figure 2.6 shows a traditional water 
harvesting ponds (Hafier) for runoff water harvesting in the rural area northern Khartoum 
State in Sudan. Another form of ground depressions is infiltration pond, which usually 
excavated in high permeable dune formation for groundwater recharge. Constructed dykes 
are also one way of ponds formation to retain the water till it infiltrates completely. But 
beside the large space, this system should be protected against pollution (Steenbergen et al., 
2009). 
 
 
 
 
 
 
 
 
 
 
Figure ‎2.6 Traditional water harvesting pond (Hafier) NE Khartoum State - Sudan 
(Photo: Author, 2011) 
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Water storage tanks are much in favor compared to open storage systems as the losses and 
pollution are minimized to zero (Pereira et al., 2002).Another type of closed water harvesting 
systems is cistern, i.e. underground tank.Figure 2.7 showsa cistern in Northwestern Egypt 
with total capacity of 3000 m
3
; being made of concrete, the losses are minimized to 
evaporation and deep percolation (Prinz, 2002).   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure ‎2.7 Underground rainwater harvesting structure (cistern) in NW Egypt 
(Photo: Prinz, 2002) 
 
2.2.6.5 Sustainability of Water Harvesting Systems 
According to Gnadlinger (2000), sustainability of water harvesting systems is built on the 
consideration of the beneficiaries’ needs, the local natural conditions, and the existing 
economic and political conditions in the region, whereas for sustainable water development 
projects water management takes a shift towards distributed small scale water reservoirs 
rather than centralized large scale ones; this assures the diversity of beneficiaries and the 
easiness of project management (Pereira et al., 2002). According to Prinz (1996), 
sustainability of water harvesting requires cooperation on a larger scale between scientists 
and technicians for exchanging experiences of failure and success.Some water harvesting 
projects missed analyzing the sustainability of the new systems as well as the possible 
environmental impact (Oweis et al., 1999). The sustainability of water resources development 
projects requires the consideration of the ecological system when designing the projects. For 
instance, water development projects for agricultural purposes pose great threats to the 
environment, e. g. salinity, water contamination, health hazard, etc (Prinz, 1999). 
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2.2.6.6 Water harvesting operational management 
Water management practices could be applied in water scarcity regions where more runoff 
could be generated from rainwater, i.e. reducing infiltration by treating the ground surface, 
through compaction or sealing. Mechanical process for ground surface seems longer lasting 
than the addition of sealants;rainwater loss could be reduced up to 20%.For instance, 100 m
2
 
compacted ground could produce 1 m
3
 runoff from a rainfall event of 12.5 mm. In addition, it 
neither requires further maintenance for imperviousness protection nor container for 
preventing water loss by evaporation or seepage(Pereira et al., 2002). Prinz (1999) considered 
policies to be very essential when distributing a limited water volume for different purposes. 
As an example he mentioned how 15000 m
3
 of water could be distributedto satisfycertain 
groups for certain time; this water volume could be sufficient for 100 nomads and 450 head 
of cattle for 3 years; 100 rural families for 3 years; 100 families in urban area for 2 years; rice 
productionof 10-15 tons for 1 year, or 100 tourists for 55 days. FAO (1993)related the 
reasons behind the failure of the water conservation projects in Africa to the lack of adequate 
maintenance by the users, because the techniques were either economically unaffordable or 
highly sophisticated; therefore, the intention was to continue with the indigenous 
conservation methods for later development of the techniques. In case of reservoirs, the 
conflict between water availability and supplysecurity appears at the reservoir operational 
management level; yet flexible management is required for optimizing the increase of one 
side without affecting the other. This will be assured through consultation and involvement of 
all beneficiaries (Pereira et al., 2002). 
2.2.7 Water Harvesting Sites 
Oweis et al. (2001)related the suitability of specific area for water harvesting projects to the 
capability to meet the technical requirement of the system. In addition, the site specification 
is dependant mostly on the purpose of the water harvesting project, e.g. drinking water 
supply, farming, livestock watering, etc., and the application method. Yet, he reported some 
obstacles that might prevent the selection of a suitable site for water harvesting like land 
ownership, land use, and water rights. For instance, the volume to surface area ratio should be 
considered when locating a reservoir in order to minimize evaporation loss (Pereira et al., 
2002). Oberle (2004) applied the Analytic Hierarchy Process (AHP) method to determine 
potential sites for water harvesting systems. A model was developed that included three or 
four levels: (1) the objectives, (2) the criteria, (3) the sub-criteria and (3) or (4) the 
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alternatives of criteria. Distinctwater harvesting systems were selectedso that the chosen 
decision process could be easily adapted to different techniques. Level 1 of the AHP wasfor 
the land suitability index for the proposed water harvesting systems, i.e. micro-/macro-
catchment or floodwater harvesting. The criteria of level 2 included the suggested techniques 
suitability index of the factors: runoff potential, slope, proximity to military or industrial 
sites, soilscape unit, proximity to settlement, and proximity to roads. Level 3 of the criteria or 
sub-criteria was classified into alternatives that were compared in pairs. Eventually, the 
suitability of the land to a certain water harvesting system was determined by the sum of the 
product of the importance value of level 2 and the ranked class or alternative of criteria. 
2.2.8 Socio-economic Studies and Analysis 
Although the present socio-economic conditions differ from those in the past, yet water 
harvesting is a promising technique for farming in the dry lands of the world (Prinz, 1996). 
Successful water harvesting projects depends not only on professional engineering and 
agronomical work, but also on the consideration of the socio-economic condition (Oweis et 
al., 2001; Prinz and Singh, 2000, Oweis et al., 1999), which include, but not limited to, the 
financial capacity of the individuals; the acceptance of new techniques by the beneficiaries; 
gender and equity; and land tenure and property right. According to Oweis et al. (1999), the 
earlier is the involvement of the beneficiaries in the project planning and design, the larger 
are the chances of acceptance and success of newly introduced water harvesting techniques. 
In addition, the consideration of the existing indigenous water harvesting systems facilitates, 
to some extent, the introduction of the new systems.Thesocio-economic benefits due to 
successful water harvesting in dry areas include, as per Oweis et al. (2001), stability of rural 
areas andthe practice and development of the local skills, which in turn lead to rural living 
standard enhancement and less migration to urban cities.  
2.2.9 Environmental Impact of Water Harvesting 
As the pressure on water resources intensifies due to population increase, a need rises for 
taking the environment into consideration (Pereira et al., 2002). According to Oweis et al. 
(1999), ecosystems of dry areas are delicate with less adaptability to change; therefore and as 
a consequence of introducing water harvesting in the region, a rapid change may occur 
resulting in an unexpected environmental impact (Prinz and Singh, 2000; Oweis et al., 
1999).For example, the removal of the vegetation covers from the hillside for runoff 
augmentation (Moges, 2004). However, some indirect benefit of water harvesting can be 
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sensed through the quality improvement of the degraded land and consequently combating 
desertification (Oweis et al., 2001). 
2.2.10 Water Harvesting for Rural and Urban Regions 
2.2.10.1 Rural water harvesting – case studies 
Traditional rainwater collecting systems for domestic and livestock are still widely in practice 
in rural areas; but they are less efficient and vulnerable with regard to human health. 
Although the rural population inclined to new techniques, they prefer to have their old 
systems be improved rather than towork with new complicated ones (Pereira etal., 2002). 
According to Ishaku et al. (2011), the problems associated with inaccessibility to safe water 
sources for the rural communities are the long time and distances spent by women and 
children for fetching for water and the vulnerability to health problem. However, financial 
limitations hinder the development of water resources in a large-scale manner; as a 
consequence, small-scale water projects got more interest for securing safe water access.  
The water report by FAO (1993) showed examples of successful indigenous water harvesting 
application for improved agricultural production. In eastern Sudan, Kassala region, the 
government settlement promotion incentives encouraged the nomadic livestock keepers to 
become sedentary since the first half of last century; therefore, the community turned to agro-
pastoral. They relayed partly on floodwater harvesting methods for food production. The 
subsistence agricultural crops are produced using Teras water harvesting where the sorghum 
yields range 250-850 kg/ha. Teras average dry year yield is 257 kg/ha and 514 kg/ha for the 
wet year. Soil water conservation (SWC) practice by Teras technique found to have 75% 
contribution to total crop production income. In Burkina Faso the adoption of contour stone 
bunds and improved planting pits by Yatenga farmers resulted in 40% more yield. They have 
invested in poor potential land using enhanced water harvesting techniques and fertility 
management; consequently, 800 kg or more yields were made possible when adequate 
rainfall exists. This demonstrated successful example had encouraged the famers in Illela 
district in Niger to adopt improved traditional planting pits (Tassa) for millet production. 
Although the annual rainfall was low, the 70 ha rehabilitated land with improved planting pits 
produced up to 400 kg/ha. For 400-500 ha, the yields of millet were 522 kg/ha (FAO, 1993). 
Another example is provided by Steenbergen et al. (2009), showing the experience of the 
Kenyan District of Kitui for groundwater recharge (Figure 2.8); sand dams were constructed 
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to providewater for the rural communities there. In the nineties of the last century, the dams 
were built on the seasonal sandy riverbed in order to augment the thickness of the sand layer 
and to impede the groundwater flow outside the watershed. 10 years later about 750 dams 
were built providing water with good quality for domestic use and irrigation. Through this 
technique water retention for groundwater recharge was used successfully. According to 
Tuinhof et al. (2012), the net annual increase of the income per family was USD 3000. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure ‎2.8 Sand storage dam for groundwater recharge in Kenya 
(Source: Steenbergen et al. (2009); altered) 
 
2.2.10.2 Urban water harvesting – case studies 
Rainwater harvesting in urban regions will be a significant water source because of the 
population increase and consequently the continuation of urbanization (Lange et al., 2012); 
this process results in non – riverine flooding in the urban areas due to low infiltration and 
high runoff because of the impermeable surface (Chen et al., 2009). 
Before 
After 
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Domènech et al. (2011) showed an example in the municipality of Barcelona in Spain where 
rainwater harvesting, as a non-conventional water resources, is imposed in a residential area 
since 2002. All new buildings equipped with greater than 300 m
2
 of garden had to use roof 
water harvesting system. Most of the systems were subsidized by the municipality. As a 
reference model, a single family house should install a 10 m
3
 storage capacity tank for toilet 
flushing and garden watering.  
Abdulla and Al-Shareef (2009)showed an example fromJordanwhere all new houses are 
obliged to have rainwater storage tanks. A potential of annual 15.5 million m
3
 (representing 
about 5.6% of the total household water supply for the year 2005 from groundwater) 
rainwater can be harvested from the roofs of the residential buildings. The water collected is 
found to beof good quality, as the roofs are cemented or of tile type, which is relatively cheap 
and durable. In contrast, rainwater harvesting application in a residential area in Poland is 
found not economically applicable due the combatively low tap water cost (Slyś, 2009). 
Lange et al. (2012) computed rainwater harvesting volume from rooftops of Ramallah city in 
Palestine, where they used one-parameter model using rainfall and evaporation data as 
input.A study by Gomes et al. (2012) found that for a family of five members lives in the 
semi arid rural of Brazil, a volume of 16 m
3
 of water for drinking and domestic use could 
cover about three quarter of a drought year. According to them, the efficiency of rainwater 
harvesting programs is strongly influenced by the roof condition, as this contributes to the 
contamination of the stored water and the number of household members, which determines 
the per capita available water volume.  
The semi-arid region of Atlanis in South Africa is characterized by limited surface water 
resources and limited rainfall. Artificial recharge through dune infiltration ponds enabled the 
supply of the city with good quality drinking water to more than 100000 inhabitants 
(Steenbergen et al., 2009). Gadarif city located in the eastern part of central Sudan is another 
example of artificial groundwater recharge. The city is part of the semi-arid region with 
average annual rainfall of 600 mm. Wells and imported river water – 50 km distance - are the 
main potable water source; yet, the city suffered water supply shortage for decades. Figure 
2.9 shows two small dams located upstream seasonal water courses eastern to the city 
boundary. They were built originally as seasonal flood control for the city protection; 
however, they recharged the groundwater rising the water table a few meters. The city is then 
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provided daily with 22000 m
3
, which is approximately 12% of the water supply(Ibrahim, 
2009). 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure ‎2.9 Seasonal flood control and groundwater recharge dams in Gadarif city-central Sudan 
(Source: Ibrahim, 2009) 
 
2.3 Water harvesting in the context of IWRM 
 “Integrated Water Resources Management includes all human activities managing 
waterresources and making water available for a desired purpose in an integrated manner. 
Thatis, all management activities for investigation, impoundment, transportation, 
transmission,diversion, drainage, desalination, or recapture of any portion of any water 
resources for anyof the following purposes: domestic water consumption, sanitation, 
irrigation, flood control,prevention of soil erosion, siltation, reforestation, livestock watering, 
navigation, fisheries,wildlife preservation, recreation, tourism and commercial and industrial 
purposes”. It “involves the coordinated planning and management of land, water, and other 
environmental resources for their equitable, efficient, and sustainable use” (Prinz, 1999).  
For rural areas, the application of IWRM principles is considered a helpful tool to meet their 
needs. It could be referred to as “Integrated Rural Water Management System” (Prinz, 1999). 
A project for greening semi-arid landscapes in the Sahel region in West Africa was 
implemented jointly by the Reconstruction Credit Institute (KFW) and the German Agency 
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for International Cooperation (GIZ). Many water spreading weirs, as shown in Figure 2.10, 
were constructed in dry valleys in Burkina Faso, Niger, and Chad. The main objective of 
these weirs is to restore the degraded dry river valleys. Less infiltration potential due to 
sparse vegetation cover and damaged soil results in high runoff potential that leads to 
riverbed soil erosion. The water-spreading weirs, usually built in cascade, work on 
distributing the runoff water along the widthupstream the weir; it accumulates again 
downstream the weir towardsthe riverbed. This process assures the inundation of the valley 
where infiltration and sedimentation take place. As a consequence, the water table has rised 
nine meters above the average depth and agricultural production is made possible. This 
example provided by (Tuinhof et al., 2012) demonstrates that water harvesting projects are 
IWRM processes; as this project worked on restoring water and land for environmental 
rehabilitation and agricultural production through water spreading techniques. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure ‎2.10 Water spreading weirs in the Sahel region – West Africa 
(Source: Tuinhof et al. 2012) 
 
© GIZ/KfW 
© Heinz Bender 
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2.4 Water Harvesting and the Sustainable Development 
Our Common Future, the report of the World Commission in Environment and Development 
(WCED), or Brundtland report defined Sustainable development as (WCED, 1987):  
"Sustainable development is development that meets the needs of the present without 
compromising the ability of future generations to meet their own needs. It contains within it 
two key concepts: 
 the concept ofneeds, in particular the essential needs of the world's poor, to which 
overriding priority should be given; and 
 the idea oflimitationsimposed by the state of technology and social organization on 
the environment's ability to meet present and future needs." 
Economy, society, and the environment are the three dimensions or pillars of sustainable 
development; a forth one is under consideration, that is culture (Nurse, 2006). 
Water resources development projects need integrated approach that involves 
multidisciplinary know-how from engineering, agronomy, economics and social sciences 
(Pereira et al., 2002). Fouad (1993) considered water harvesting as theutmost significant 
indigenous strategy of sustainable resources management. As farming activity become 
independent of rainfall amount and variability, income sources of rural communities in 
drylands become accordingly independent and diverse. In addition, the construction of 
traditional water harvesting techniques for runoff control contributes to the rural manpower 
development, through the social solidarity. According to UNEP (2006), the decentralized 
feature of rainwater harvesting and low investment enable the independency of individuals 
and community members from the unavailable, inefficient, or expensive central supply 
systems; as people can manage their own water. From another hand, it contributes saving the 
environment; as indigenous water harvesting techniques are a simplified form of water and 
soil moisture conservation (Moges, 2004; Oweis et al., 1999). 
According to UNEP (2006),Rainwater harvesting contributes combating poverty through the 
considerable social and economical benefits it provides. For instance, the time spent, usually 
by women and children, for fetching water could be used efficiently to attend schools or 
practicing some economical activities.In addition, efficient water harvesting systems support 
the growth of rain-fed crops during years with less seasonal rainfall where 50% reduction in 
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rainfall means a total crop failure (Moges, 2004). Steenbergen et al. (2009) provided a clear 
example of the social and economical benefits of water harvesting projects; the successful 
example of the sand dam construction in Kitui District in Kenya. These dams, which were 
built on a seasonal sandy riverbed, supplied the rural communities there with reachable water 
sources with good quality water. The time saved from long distance water fetching journeys 
is reflected on the welfare of the rural population by the significant increase of school 
attendees’ number and the diversified income generating sources, i.e. handwork products. In 
addition water provision in the region enabled the increase of the income through the practice 
of small scale farming and some industrial activities, i.e. brick making. It contributed to the 
decrease in the percentage of households suffer from malnutrition from 32% to 0%. 
In view of all above, water harvesting projects satisfies the sustainable development 
requirement, as it looks for the economical and social welfare of the people without 
neglecting the environment; this contribute to the conservation of the limited resource for the 
welfare of the future generation as well. 
2.5 Water harvesting in Sudan 
As mentioned earlier, water harvesting in Sudan is not a new concept for the rural or urban 
areas, e.g. Hafier, groundwater recharge, and Teras. However, there is a promising potential 
for water harvesting application for tackling water shortage problems and for efficient water 
use. For instance, small or large scale rain-fed agricultural schemes in the country are in need 
toapply the system of in situ soil water conservation methods or spate irrigation for better 
crop yields and independency of rainfall magnitudes. Hafiers are widespread used but mainly 
in the nomadic routes eastern and western of the country; however, they are exposed to high 
potential of evaporation. Since the rainy season lasts for 3-4 month a year the risk of water 
shortage during the dry season increases due to evaporation. Therefore, alternative effective 
water harvesting system, e.g. underground tanks, groundwater aquifers recharge, or covered 
ponds should be thought of, for efficient water supply. Roof water harvesting is another 
option of making water available for the various purposes, both in the rural and urban areas. 
Storing rainwater in above or underground tanks work as runoff water management, from one 
hand, and guarantee easy accessible water supply for the different purposes, from the other 
hand.  For the former the runoff water from the roof is intercepted before reaching the 
ground, and the pressure on potable water supply systems is reduced by the latter. Therefore, 
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application of water harvesting in Sudan is of great potential to tackle the existing and 
foreseen water shortage problems that hinder the development of the many rural and urban 
parts of the country.  
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3 Khartoum State 
3.1 Geography and Demography 
The confluence of the Blue and White Niles at Khartoum to form the main Nile divides 
Khartoum State into three parts: the southern block lies between the Blue Nile and the White 
Nile (Khartoum), the eastern part lies between the Blue Nile and the Main Nile (Bahri), and 
the western part lies between the White Nile and the Main Nile (Omdurman). Being the 
political capital of Sudan,Khartoum State is considered as the most active economical center 
of Sudan(UNDP, 2011).It is located between 15° 15´ – 16° 45´ N and 31° 45´ –  34° 15´ E 
constituting an area of  22 122 km
2
. The State is surrounded by six neighboring states which 
are the Northern and the River Nile states to the North, Gazira and White Nile states to the 
South, Kassala and Gadarif to the East and North Kurdufan to the West (UNDP, 2011).  
Seven localities make up Khartoum State; these are Khartoum, Jebel Awlia, Bahri (Khartoum 
North), Omdurman, Karari, Um Badda, and Shareg Alneel (Eastern Nile). Table 3.1 shows 
the area constituted by each locality and its population; Khartoum is the only locality without 
rural population (Figure 3.1).The localities are divided into 35 administrative units 
(Khartoum State, 2011; UNDP, 2011), as shown in Figure 3.2. 
Table ‎3.1Localities of Khartoum Sate and the number of inhabitants  
 
 
 
 
 
 
 
 
 
 
 
 
No Locality Area (km
2
) Population (inhabitants)* 
1 Khartoum 35 639598 
2 Bahri (Khartoum North) 455 608817 
3 Shareg Alneel (Eastern Nile) 8000 868147 
4 Omdurman 740 513088 
5 Karari 4646 714079 
6 Umbadda - 988163 
7 Jebel Awlia - 942429 
8 Total  5274321 
*2008 census 
(Source: Author; after UNDP, 2011) 
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Figure ‎3.1 Localities of Khartoum State with or without rural population  
(Source: Land Use Map of Khartoum State (2000); altered) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure ‎3.2Administrative units of Khartoum State 
(Source: Land Use Map of Khartoum State (2000); altered) 
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Khartoum State represents the heaviest populated state in Sudan with 5.2 million according to 
the 2008 population census (Khartoum State government, 2011; UNDP, 2011), represented 
by 21% rural, 68% urban and 11% domestically displaced people (UNDP, 2011; CBS, 2008). 
Agriculture and livestock production farms are the main activities for the population lives in 
the suburb and rural parts of the state. The state domestic markets demand from vegetables, 
fruits, meat, poultry, and dairy products is covered from these farms. But agriculture faces the 
city expansion in the expenses of the arable land; livestock production farms lack, among 
others, the pasture and water. This steady decline in the conventional farming resulted in fast 
rural migration to manufacturing places in the state (UNDP 2011). 
3.2 Geophysical Characteristics 
The climate of Khartoum State is characterized by desert and semi desert zone, which are 
known for its hot to very hot summer,short rainy season and warm to cold and dry 
winter(UNDP, 2011).Figure3.3 shows the mean values for the temperature and rainfall for 
the period (1971-2000) provided by the world weather information services of World 
Meteorological Organization(WMO) for Khartoum Station. The hot summer extends from 
March to June, where the mean daily maximum and minimum temperature are 40 °C and 
24.8 °C, respectively. May is the warmest month with a mean monthly maximum and 
minimum temperature of 41.9 °C and 27.3 °C, respectively. November to February,the winter 
months, are relatively cold, where the mean monthly maximum and minimum temperature 
are 32.6 °C and 17.6 °C, respectively. January is the month with the minimum mean 
maximum and minimum temperature, with 30.7 °C and 15.6 °C, respectively (WMO, 2011). 
Sandstorms (Haboob) are common in the region during the months May to August (UNDP, 
2011). 
The rainy season extends from July to October. During this period, the mean monthly 
maximum and minimum temperature are 38.5 °C and 26 °C, respectively; the maximum and 
minimum annual values are 415.5 mm and 4.4 mm for the years 1988 and 1984, respectively. 
The mean annual rainfall is about 121 mm with mean annual rainy days of 15 days. August is 
the wettest month with mean total of 48.3 mm (WMO, 2011). Rainfall of the Sateis 
characterized by storms of high intensity and short duration. A storm with 200.5 mm had 
fallen in one day in August 1988 demarcating the year to be unique. Khartoum State is 
characterized by very high potential evaporation rate (2.2 – 7.0 mm) per day and the 
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evapotranspiration is by far exceeding rainfall(Land Use Map of Khartoum State – 
Explanatory report, 2000). 
 
 
 
 
 
 
 
 
 
 
 
 
 
Climatological information is based on monthly averages for the 30-year period 1971-2000 
 
Figure ‎3.3 Mean monthly temperature and rainfall values for Khartoum State 
(Source: Author; after WMO, 2011) 
According to the Land Use Map of Khartoum State (2000), topographicallythe area is a flat 
plain that sloping gently towards the Nile and its tributaries. In addition, the terrain is 
characterized by gently undulating sand dunes and some scattered outcrops; ephemeral 
streams (wadis) exist in the eastern and western parts of the State. The geology(Annex A-I) is 
made of five units: Superficial deposits, Gezira formation, volcanic rocks, Nubian Sandstone, 
and Basement Complex. Recent alluvium, relatively older alluvium, and Aeolian sands make 
the superficial deposits that are found in the old terraces and distributed channels; whereas 
Gezira formation is made of interbedded clay, silt, sand, gravel, and debristhat constitute the 
area between the Blue and White Nile. Volcanic rocks are basaltic rocks found southwest 
Omdurman with a diameter of 3 km and maximum thickness of about 220 m. Nubian 
Sandstone formation covers about 60% of the total area of the state. It covers most of the 
area west and east of the Nile and the Blue Nile in Omdurman and Bahri (Khartoum North), 
respectively. The formation outcrops on the surface or underlying a thin layer of the 
superficial deposits and occasionally the Gezira formation.The Basement Complex is the 
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oldest formation (pre-Cambrian to Cambrian in age) covering the eastern and north eastern 
parts of the state. Although it forms the bedrock, however; its outcrops are found at shallow 
depths. Granite is the main component of the basement complex. It is very resistant to 
weathering forming unfertile shallow soils (Land Use Map of Khartoum State – Explanatory 
report, 2000). 
Annex A-II shows the soils map (Land Use Map of Khartoum State, 2000). The parent 
materials are: alluvial deposits, Aeolian deposits, weathering deposits of the Nubian 
Sandstone, and the weathering deposits of the Basement Complex (Land Use Map of 
Khartoum State – Explanatory report, 2000): 
- Soils of the recent sediments: these are the soils of the Blue and White Nile sediments 
(recent alluvial terraces geomorphic unit). They have a texture that is generally dominated 
by silt. They are fertile without salinity or sodicity development and their profiles are 
deep and well drained. Karima series (29), Islands series (31) and Eseilat Series (41) are 
the major soils. 
- Soils of old sediments: they are the soils of basins and higher terraces geomorphic units 
that exist mostly in the eastern banks of the Blue Nile and the Nile. The soils are variables 
in salinity, sodicity, relative age of sediment, textural horizons and erosion agent. They 
are mainly the Gurier (44), Kaddaro (45), Koko (46), soils of (49) and (50), Bageir-Loata 
complex (40) and Suleime series (18). 
- Soils of White Nile sediments: they occur in different geomorphic units: the soils of the 
recent terraces: characterized by heavy clayey texture (> 60%) indicating slow 
permeability. The most dominant soils are El Teries (37), Jebel El Tina (38) and Abeidia 
(39) series; the soils of the higher terraces: are moderately to imperfectly drained, 
having high clay percentage and affected by salinity and sodicity. They are the soils of 
Umtakal (22) and (51) series. 
- Soils of Aeolian sediments: these soils lack horizonation, low in organic matter and with 
sandy texture. They are non saline and non sodic; the main soil series is (24). 
- Soils of Nubian Sandstone: they occur on the flat reddish erosional plains underlined by 
water bearing aquifer. They are non saline non sodic sandy clay loam texture, well 
drained, with low natural fertility level. The major soils are El Ghar (59), Hattab (60) and 
Id Babiker (63).These soils are utilized as natural grazing and quarries for gravel.  
- Soils of the sloping erosional plain: they are formed on materials weathered from the 
Nubian formation. This geomorphic unit covers very extensive area east and west of the 
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Nile. They have variables depths; deep and shallow and greatly affected with gravels on 
the surface and within the profiles. The soils east of the Nile are mostly covered by sand 
sheets (22 series) and the ones west of the Nile are covered with gravel (26 series). Both 
series occupy the piedmont and pediment of the Nubian Sandstone hills.  Coalescene fans 
unit, (66) series, are related to the edges and bottoms of the wadis. They are deep with 
clay loam to sandy clay loam texture. The soils of wadis: the wadis in the state are of 
distinct gradients and sizes resulting in different soil formation. Big wadis are 
characterized with wide bottoms and basins. The soils of the wadis are non saline and 
none sodic with variable texture and depths; big wadis are presently utilized for rainfed 
agriculture, growing quick maturing variety. The major soils series are small wadis (57), 
big wadis (58), Muwala (54) and wadisherif (56). 
- Soils of Basement complex: the soils formed on the plains of the basement complex are 
generally shallow and none saline non sodic with sandy loam texture. The shallow soil is 
represented by Sabaluka series (62). Some wadis passing the basement complex formed 
moderately deep soil (Gerri series (67)). On the short slopes of the Granite plateau some 
alluvial soils were formed (Melekit series (65))(Land Use Map of Khartoum State – 
Explanatory report, 2000).  
The hydrological map (Annex A-III) according to the Land Use Map of Khartoum State 
(2000)shows that the drainage pattern in of Khartoum State is characterized by the 
dominance of the Nile and its tributaries (Blue and White Niles) and the ephemeral water 
courses (wadis). The streams upstream the wadis are small and intensive changing to broad 
shallow straight stream downstream the wadis till they reach the Niles. The delineation of the 
wadis’ catchment areas is difficult due to the terrain flatness. Hydrogoelogically(Annex A-
IV),Khartoum State comprisestwo main units: unit A1 represents the water bearing horizon 
and unit C2 the non water bearing formation.Unit A1 consists of the Nubian Sandstone, the 
Gezira and the alluvium aquifers and Unit C2 represents the Basement Complex (Land Use 
Map of Khartoum State – Explanatory report, 2000).   
3.3 Vegetation and Rangeland  
Thevegetation map (Annex A-V), shows that Khartoum State falls in the semi-desert 
ecological zonethat is divided into three subdivisions (Land Use Map of Khartoum State – 
Explanatory report, 2000): 
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- Acacia tortilis–Maeruacrassifoliadesert scrub: occupy 90% of the state area where 
Acacia tortilis “Seyal” is the dominant woody species  
- Semi desert grassland on sand: a small sub-zone occupying the extreme northwest of 
the State, where Acacia tortilis is the dominant woody species. Salvadorapersica “Arak” 
grows along the wadis. 
- Semi desert grassland on clay: a small sub-zone occupying the southeast of the State. 
The woody species is Acacia mallifera “Kitir” growing along the shallow wadis courses. 
There are also some annual grasses constitute Khartoum State vegetated area like 
Schoenfeldiagracilis “Gubasha”, the perennial drought tolerant Panicumturgidum “Tomam”, 
and some leguminous plants like Blepharisedulis“Saha” (Land Use Map of Khartoum State – 
Explanatory report, 2000). 
The natural rangelands are located in the area eastern and western to the Nile. These regions 
are known as marginal regions due to its modest resources, fragile natural composition, and 
little population density. The natural grazing is a mixture of grasses, herbs, and leguminous 
plants with some trees and bushes. There is no specific grazing system followed by the 
nomadic and sedentary pastoralists and agro-pastoralists; the grazing is on communal basis. 
The natural grazing area in the state is estimated as 40% of the total area (2.1 million feddan). 
Annual grasses and forbs (Herbs) form about 75% of the natural vegetation while the 
perennial grasses and shrubs/ trees form 5% and 20 %, respectively. Along the banks and 
sometimes the islands of the Blue Nile and the River Nile,the following woody species are 
found: Acacia nilotica, Acacia Syal, Ziziphusspina Christi “Sider”, Fehderbiaalbida“Haraz”, 
and occasionally Balanitesaegyptica“Heglig” and Tamarixnilotica“Tarfa” on island (Land 
Use Map of Khartoum State – Explanatory report, 2000). 
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4 Urban Rainwater Harvesting 
4.1 Khartoum City Center 
Khartoum city center constitutes the far northern part of the city within the latitude and 
longitude of 15° 36´ N, 32° 31´ E. Located at the confluence of the Blue and White Niles 
covering an area of 6.5 km
2
, the city center represents the governmental, commercial, 
educational, and business area of Khartoum city. Figure 4.1 shows the city center location 
with respect to the three cities of Greater Khartoum, i.e. Khartoum, Omdurman, and 
Khartoum North (Bahri). The city center connects Khartoum city with Omdurman and Bahri 
through four bridges. A newly constructed bridge connects the city with the residential island 
of Tuti. Major and lateral asphalt roads with total length of 77 km connect the different parts 
of the area.  
 
Figure ‎4.1 Geographical location of Khartoum City Center (Map: Google Earth) 
 
Khartoum city considerably encounters a modernization movement after the oil exploration 
that has started since the second half of the last decade. Renovated and newly constructed 
buildings and more asphalt cover has reshaped the area appearance leading to a large 
impervious land cover. Since that time the city center experiences rapid expansion of modern 
glass and metal covered multi-store buildings; recently more impermeable surfaces dominate 
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the area. Unfortunately, this expansion is not in synchronization with the development of 
urban areas basic infrastructure, e.g. sewer and surface water drainage systems.  
4.2 Problem Statement  
High intensity rainstorms have become more frequent since the last two decades (Tschakert 
et al., 2010; Davies and Walsh, 1997); they result mostly in floods, e.g. 2003, 2007 and 2009 
(Tschakert et al., 2010). Khartoum city center encounters the problem of streets inundation 
shortly after the onset of a rainstorm. Such rainfall behavior combined with a ground of low 
water retention capacity because of the sealed surfaces brings the city into chaos. Figure 4.2 
shows the inundated streets of the city center shortly after a rainstorm in the year 2009 that 
had brought the city into disorder. 
 
                                  
 
Figure ‎4.2 Inundated streets in Khartoum city following a 
rainstorm in August 2009. 
(Photos: University of Khartoum Engineers Group by 
Yahoo groups (Hundasa group); September 2009)) 
 
 
 
Tabatabaee et al., (2009) related city inundation to the massive runoff caused by high 
intensity rainfall. From another hand, hot and dry weather symbolizes the region apart from 
the rainy season. A study by Elagib (2010b) proved the existence of the UHI phenomenon in 
the area, as there is significant increasing rate of the mean minimum temperature (Tn) in the 
urban and rural areas of Khartoum, but the urban site is warming at a faster rate in the hot 
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season than the rural one; the highest warming rate is registered for Khartoum urban part in 
the hot season and is more than twice that for a rural surrounding with 0.29 and 0.13 °C 
century 
-1
, respectively. This is apparently connected to the modernization plans of the area, 
where more impervious surfaces are constructed and less open and green areas are become. 
There are some factors that encourage the severity of the extreme rain or heat events. For 
instance, being one of the busiest parts of the city, the city center is always over crowded 
with people and vehicles during the day time. In addition, the area has become more 
attractive for the small business and marginal jobs market associated with the city 
modernization trend. The disorder caused by these unorganized activities contributes most 
worsening the situation in case of high intensity rainstorm or temperature rise. 
4.3 Research Objectives 
Referring to the aforementioned problems, the aim of this part of the research is to investigate 
applying rainwater harvesting system in Khartoum city center: to manage the runoff water 
during the rainy season by storing the rainwater and to enhance the environment during the 
dry season by using the stored water to have more and durable green areas. In other words, to 
apply rainwater harvesting in order to change the prevailing concept of the immediate 
drainage of runoff water to the retention of the rainwater for later beneficial use. Rain water 
harvesting for urban areas is considered as runoff water management and use of stored water 
for sub potable purposes; as climate change adaptation tool; and as an efficient tool for 
managing water shortage and mitigating drought (Marsalek, 2009; Sakakibara, 2009; 
Tabatabaee et al., 2009). The specific objectives are therefore: 
- To investigate the inundation problem in Khartoum City Center due to rainstorms with 
respect to the drainage system characteristics. 
 
- To investigate the rainfall-runoff relationship in the area to quantify the potential runoff 
of the total annual rainfall and for the individual rain events. 
 
- To investigate the probability of occurrence of the rainstorms and consequently the return 
period.  
 
- To define the potential sites for rainwater harvesting and to estimate the potential water 
volume that could be harvested. 
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4.4 Methodology 
4.4.1 Data Requirement  
The study required some essential investigations to be carried on where the following data 
was collected: meteorological data, characteristics of the drainage system, spatial data of the 
inundated areas, and the land use map of the city. Rainfall data for the period (1980-2011) for 
Khartoum Station was collected from the Sudan Meteorological Authority. Spatial digitized 
maps of the area and the drainage system were provided by the Surveying and Planning 
Departments of the State Ministry of Physical Planning and Public Utilities and the GIS 
Department of Khartoum State Surveying Authority. ArcGIS 9 – ArcMap 9.3 and Google 
Earth platforms were used for the data analysis, map creation, and results visualization.  
4.4.2 Maps of the Study Area 
Various maps were created using the facilities of ArcGIS and Google Earth. The created and 
obtained maps were georeferenced in ArcMap to have the same geographical projection, i.e., 
world 1984 UTM zone 36N. ESRI world layer for the year 2008 was used as a base map in 
ArcMap, where the city center boundary, streets, buildings blocks, and the drainage canals 
maps layers were overlaid. The attribute table associated with each layer was edited; 
accordingly, number of geometrical information was computed for further applications. The 
following methods were applied to acquire the different maps: 
- Streets map was created by first determining the city center boundary polygon in Google 
Earth. Then the streets were digitized and saved as KML (Keyhole Markup Language) 
file, which was converted into shapefile. The length and the area were calculated in 
ArcMap. The surface area of the streets was calculated by multiplying the average width 
by the street length. 
- Inundated areas map was created utilizing the information of the annual reports for the 
years 2005-2010 produced by ‘Khartoum State Main Room to Prevent the Risks of 
Rainstorms and the Effects of Floods’. This synergic body was established in the year 
2005 under the umbrella of the State Ministry of Physical Planning and Public Utilities, 
where a group of ministries and authorities representatives, e.g. Meteorological Authority, 
Civil Defense Authority, Ministry of Irrigation and Water Resources, etc., plan and 
prepare for the measures to be taken before and during the rainy season, according to the 
predictions made by the Sudan Meteorological Authority and the Ministry of Irrigation 
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and Water Resources. They take in consideration too precaution measures for extreme 
unexpected rainstorm events. Khartoum State annual reports for the years (2005-2010) by 
the Main Room to Prevent the Risks of Rainstorms and the Effects of Floods included 
information regarding the inundated and problematic areas and streets for Khartoum city 
center where supplementary drainage facility was necessary. This information was used 
to create the inundation map in ArcMap. 
- Land use map of the city center was created by creating different layers representing the 
components of the land cover map of the city center. They include green and parks plots, 
parking plots, streets, commercial, residential and business areas, etc. These layers were 
digitized using ESRI world layer for the year 2008 in ArcMap, where the area of each 
land use was calculated. 
4.4.3 Drainage System Investigation  
The Planning Department – Khartoum State Ministry of Physical Planning and Public 
Utilities started a project in the year 2011 to create a digital data bank of the State drainage 
system. Consequently, the drainage networks for Greater Khartoum are available in digital 
form compatible for ArcGIS application; drainage canals attributes, e.g. spatial references, 
cross section, construction material, and drainage direction, were provided as Excel sheet. For 
the city center, the drainage network shapefile was intersected in ArcMap, where the attribute 
table of the map was created and the drainage features were analyzed (Annex B-I). The total 
capacity of the system was then calculated in ArcMap using the provided cross section and 
the computed canals length.  
4.4.4 Geophysical Investigation 
The Land Use Map of Khartoum State (2000) and the Land Use Map of Khartoum State – 
Explanatory report (2000) were used to acquire the geophysical characteristics of the study 
area, e.g. soil, geology, hydrology, topography, etc. In order to extract the geophysical 
information of Khartoum city center, maps taken from the above mentioned sources were 
investigated. However, the maps required some preparation measures as they were provided 
as JPEG format, i.e. picture format, which is not compatible for direct use in ArcGIS. 
Therefore, the maps were transformed into raster format and then after were projected. In 
ArcMap, these maps were overlaid with the study area boundary to extract the desired 
information; the attributes of each map was obtained from the Land Use Map of Khartoum 
State (2000) and the Land Use Map of Khartoum State – Explanatory report (2000).  
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4.4.5 Hydrological Investigations 
The hydrological analysis is fundamental when investigating the potential of applying water 
harvesting systems in a certain region. It includes investigating the meteorological data, e.g., 
rainfall, evaporation. Long records of rainfall data are essential to conduct any analysis 
related to hydrological modeling (Wilson, 1990) or probability analysis (Critchley and 
Siegert, 1991). For this research study, daily rainfall data for 32 years (1980-2011) for 
Khartoum Station, located at Khartoum International Airport, was acquired from Sudan 
Meteorological Authority. The data was analyzed in order to define the probability of 
occurrence of rainfall events as well as to examine the rainfall-runoff relationship.  
4.4.5.1 Rainfall probability of occurrence 
Daily rainfall records for the years (1980-2011) were statistically analyzed in Excel sheet to 
define the probability of occurrence and the return period of rainfall events; Gumble 
distribution method was used for that purpose. The method is the limiting form of the 
distribution of maxima from a large number of equally sized samples where the initial 
distribution is exponential. The probability of a rainfall depth ( ) exceeding a given rainfall 
depth ( ) is given by the cumulative distribution: 
 
                                  (4.1) 
Where 
 
                              (4.2) 
 
( ) and ( ) are the rainfall value and the probability respectively. 
( ) is a reduced variant; ( ) and ( ) are constants. 
(µ) and (σ) are the mean and standard deviation of the time-series respectively. 
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The values of the mean and standard deviation of the daily rainfall data were determined and 
applied in equation 4.2 where the constants  and  were calculated. To calculate the 
probability of occurrence, the daily rainfall records were arranged similar to the Peak-over-
Threshold (POT) series, which includes all the peaks greater than a certain value. The 
threshold value was chosen such that, on average, about three or four peaks occur in each 
year; then after the probability of the rain events was calculated using equation 4.1.  
4.4.5.2 Potential runoff computation 
To calculate the potential runoff generated from a rainstorm, the rainfall-runoff Natural 
Resources Conservation Services (NRCS) equation was used. It was developed in 1972 by 
the United States Department of Agriculture (USDA) and was previously known as the Soil 
Conservation Service (SCS) method for calculating direct runoff from rainstorm ((NEH, 
2004; Chow et al., 1988). It excludes time as variable and ignores rainfall intensity (NEH, 
2004). The model involves the relationship between the land cover, the hydrologic soil group 
(HSG) and the curve number (CN): 
                                                          (4.3) 
where 
  = runoff in mm    
  = rainfall in mm 
  = maximum potential retention in mm 
  = initial abstraction in mm, normally is taken as 0.2S 
The potential maximum retention (S) after which runoff begins is related to the soil and land 
use/vegetative cover characteristics of a watershed. It is a function of the curve number (CN) 
which represents the runoff potential of the land cover soil complex; high values of CN result 
in more surface runoff than infiltration. Equation 4.4 below was used to calculate the value of 
(S): 
                                                   (4.4) 
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where 
  = runoff coefficient (curve number) 
To calculate the potential rainwater volume form potential building complexes, the Rational 
Method (Wilson, 1990) was used:  
                                 (4.5) 
where 
  = runoff volume (m
3
)   = runoff coefficient 
  = Rainfall (mm)    = Catchment area (m
2
) 
 
In general, runoff coefficients ( ) for dry land areas are in the range 0.8 – 0.95; depending 
on the impermeability and the roughness of the roof surface (Lancaster, 2006).  
4.4.5.3 Runoff coefficient 
Depending on the hydrologic soil group (HSG), which is composed of four groups, i.e. A, B, 
C, D, the CN value can be determined. Group A is classified as the soil with high infiltration 
capacity and less runoff. The infiltration potential decreases till it reaches its minimum with 
group D, where the runoff is the highest, as it can be seen from Table 4.1. 
Defining the HSG and the land cover, the values for the CN were obtained from the Runoff 
Curve Numbers Table (Chow et al., 1988; after SCS, 1986) as shown in (Annex B-II). As the 
area is made of variable land use categories, a weighted curve number was calculated (Chow 
et al., 1988): 
                                         (4.6) 
where 
 = weighted curve number 
   = weighted curve number of the individual land cover 
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  Table ‎4.1 Hydrologic soil group (HSG) classification with regard to soil texture and infiltration rate 
 
CN value obtained from equation 4.6 was substituted in equation 4.4 to determine the 
maximum retention (S). The initial losses value ) is considered to be 20% of the 
maximum retention. Substituting these values in equation 4.3, the potential runoff was 
calculated. 
4.4.6 Determination of Potential Rainwater Harvesting Sites  
Having the potential of the runoff volume generated from rainstorms been calculated, some 
potential sites were selected for roof rainwater harvesting. Initially, the selection was 
dependent on the location of the building complexes within the inundated areas. Thereafter, 
the buildings were chosen with respect to the roof type and presence of green area. Buildings 
in Khartoum city center are a mixture of old and new styles. They are made of bricks, stone, 
or steel with aluminum or glass cover. As shown in Figure 4.3, the roofs are mostly flat of 
concrete sealing cover or angular of thermo clay tiles.  
 
 
 
 
No. 
Soil 
Group 
Characteristics 
Min. Infiltration 
Rate (in/hr) 
Min. Infiltration 
Rate (mm/hr) 
1 A 
Deep sand; deep loess; 
aggregated soils 
0.30 – 0.45 7.6 – 11.4 
2 B Shallow loess; sandy loam 0.15 – 0.30 3.8 – 7.6 
3 C 
Clay loams; shallow sandy loam; 
soils low in organic content; soils 
usually high in clay 
0.05 – 0.15 1.3 – 3.8 
4 D 
Soils that swell significantly 
when wet; heavy plastic clays; 
certain saline soils 
0.0 – 0.05 0.0 – 1.3 
Adapted by the author; source: (McCuen, 1998); cited in CEDengineering.com 
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 Figure ‎4.3 Roof types in Khartoum City Center 
 Photo: Africa500, SkyscraperCity (2008) 
 
 
 
 
In Google Earth, six potential buildings for roof rainwater harvesting were selected. To 
estimate the potential runoff water, a map of the potential buildings complexes was created. 
The map included the polygons layers of the plot area, main and auxiliary buildings and the 
green space. Overlaying these layers in ArcMap, the map was created by selecting and 
clipping the components of the potential building. It should be noted here that these layers for 
Khartoum city center building blocks for the year 2011 were provided by Khartoum State 
Ministry of Physical Planning and Public Utilities - Surveying Department (buildings plots). 
The roof areas for the selected building were then calculated in ArcMap; the potential of roof 
rainwater harvesting was estimated using equation 4.5.  
 
4.5 Results and Discussion 
4.5.1 Khartoum City Center Maps 
The created layers of the study area represent the physical features of the area. They offered a 
good platform for data analysis and results acquirement. Many calculations were made in 
ArcMap like the length of the streets and drainage canals and the drainage system capacity. In 
addition, the overlay of created layers map resulted in new one that has facilitated extracting 
information necessary for the analysis. For instance, by overlaying the layers of the inundated 
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area, the streets, and the drainage network, the location of the flooded area within the streets 
network is better visualized. The new map enabled the selection of the potential rainwater 
harvesting sites. 
4.5.1.1 Streets map   
The streets map presented in Figure 4.4 shows the boundary of the city center and the 
distribution of major and lateral streets. Major streets of East-West and North-South direction 
link the center with Greater Khartoum. East-West main major streets are the Nile Avenue, El 
Gammaa, El Gamhoria, and El Baladia. The North-South streets are El Mac Nimir, El Qasr, 
and El Hurria. Table 4.2 shows the geometric characteristics of the streets network; the total 
length and area are found to be about 77 km and 0.9 km
2
, respectively. About 42% of the 
streets length discharges the surface water to parallel constructed canals.  
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Figure ‎4.4 Streets network in Khartoum City Center 
Source: Author own results
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Table ‎4.2 Geometric characteristics of Khartoum City Center streets network  
No. Street Name 
Length 
(m) 
Average 
Width (m) 
Area 
(m
2
) 
No. Street Name 
Length 
(m) 
Average 
Width (m) 
Area 
(m
2
) 
1 Tabia Shariq Street 2094 22 46068 28 El Tayar Gameel Street 1222 7 8554 
2 Army Avenue 4517 10 45170 29 El Huria Street 1503 14 21042 
3 El Gammaa Avenue 5056 11 55616 30 Salih Basha El Mak 1197 7 8379 
4 Barlaman Avenue 2684 10 26840 31 Ali Abdellatif Street 1363 11 14993 
5 El Gamhuria Avenue 4475 15 67125 32 Arbab Alagaid Street 1125 25 28125 
6 El Baladia Avenue 3072 13 39936 33 El Mogran Street 887 16 14192 
7 Zubair Basha Street 3246 12 38952 34 El Nugumi Street 998 10 9980 
8 17th Street 3559 8 28472 35 Atbara Street 694 8 5552 
9 19th Street 2962 9 26658 36 Sinkat Street 645 10 6450 
10 21st Street 2551 9 22959 37 El Tayar Murad Street 664 15 9960 
11 Elsayed Abdelrahman 2658 15 39870 38 Street 2 668 18 12024 
12 Hospital Street 2207 9 19863 39 Street 3 603 18 10854 
13 Medical School Street 942 9 8478 40 Street 4 438 13 5694 
14 Ubaid Hag El Amin Avenue 563 7 3941 41 Street 5 129 13 1677 
15 Othman Digna Avenue 1117 15 16755 42 Street 6 509 24 12216 
16 El Mahdi Street 1052 7 7364 43 Albank Alzirai Street 805 9 7245 
17 Ali Dinar Avenue 999 7 6993 44 Street 8 574 20 11480 
18 El Mak Nimir Avenue 1519 15 22785 45 Engaz Bridge Nafag Street 809 6 4854 
19 Abu Garga Street 876 7 6132 46 El Hokm El Etihadi Street 299 11 3289 
20 Abu Sin Street 1003 7 7021 47 Kont Mokhlis Street 299 8 2392 
21 Kont Mukhlis Street 1003 7 7021 48 46th Street 585 8 4680 
22 Babikir Badri Street 881 8 7048 49 Nile Avenue 5720 9 51480 
23 El Qasr Avenue 1223 20 24460 50 Street 23 219 8 1752 
24 El Tahir Zulfu Street 979 8 7832 51 Street 24 97 10 970 
25 El Tayar Izz Eddin Street 602 7 4214 52 Street 25 220 10 2200 
26 Hashim Beh Street 725 7 5075 53 Street26 207 8 1656 
27 Abdelmunim Mohammed 1513 16 24208 54 Elmarkaz Elsihi Street 361 10 3610 
Total Length 76918 m Total Area 882156 m
2
 
Source: Author own results 
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4.5.1.2 City Center inundation map 
Figure 4.5 shows the streets inundation map of the city center due to rainstorms during the 
rainy season. The inundated areas needed a supplementary drainage after the rain events. 
Drainage inefficiency could be related to the characteristic of the rainstorm, where high 
intensity rains reduce the time lag between the onset of the rain and the generation of the 
runoff. The consequence intensifies with the increase of impermeability of the ground 
surface. Other potential reasons for water ponds are the irregular streets slop, the low capacity 
of the drainage canals, and the deficient drainage coverage in the area.  El Gamaa street 
(East-West) and El Qasr street (South-North) are an example of drainage inefficiency; 
drainage canals run parallel to the streets but mostly every rainy season they are inundated 
(Khartoum State annual reports for the years (2005-2008) by the Main Room to Prevent the 
Risks of Rainstorms and the Effects of Floods). In addition, it is found that the rainwater 
accumulates where the drainage canals intersect, having the water flows from different 
direction heading to the destination at the Blue and White Niles. 
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       Figure ‎4.5 Khartoum City Center inundation map  
       (Source: Author own results; Image: ESRI world layer 2008 for ArcGIS); Building Blocks layer: Khartoum State Ministry of Physical Planning and Public Utilities-  
        Surveying Department, 2011) 
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4.5.2 Drainage System Characteristics  
Analyzing the drainage network map of the city center, Figure 4.6, revealed that the city 
center is not entirely covered by the drainage network. Thus, the rainwater from regions out 
of the drainage network creates ponds or flows with the slope to the near lateral or main 
canal. Through 12 points, the city center rainwater is drained to the Blue and White Niles. 
The intermediate canals join the main canals and drain to the North into the Blue Nile or to 
the West into the White Nile. According to the Khartoum State Ministry of Physical Planning 
and Public Utilities - Project Department, the 11 points at the Blue Nile are equipped with 
pump stations to pump the drained water to the Nile; since the Nile level increases during the 
rainy season emerging the closing of the gates of the drainage points to prevent the flooding 
of the city. Unlike the North-South canals, the East-West canals are constructed in segments 
within the same street; these segments drain to the East or West direction, where they join the 
North-South canals. The water accumulation problem is either at the canal junction points or 
at streets that receive drained water from surrounding streets and buildings without draining 
facility. This leaves the potential of water ponds to be high. In addition, some of the North-
South canals do not only drain the surface water within the city center boundary but they are 
part of the drainage network southern to the study area. Hence, a storm with high intensity 
may have high probability of area inundation.  
Drainage canals are classified into main canals and intermediate canals; representing 19% 
and 81% respectively. The drainage system is a mixture of sealed constructed bricks canals 
(90%) and PVC pipes (10%); 95% of the canals are covered. The names and attributes of the 
streets are presented in more details in (Annex B-I). Conducting the calculation in ArcMap, 
the total length of the drainage canals found to be 32 km; representing about 42% of the total 
streets length.  The design capacity of each canal, being circular or rectangular, was 
calculated. Table 4.3 shows the capacity of each drainage canal and the total capacity of the 
system, which is approximately estimated to 24000 m
3
. 
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Figure ‎4.6 Drainage network in Khartoum City Center  
(Source: Author own results; Sewer canals layer: Khartoum State Ministry of Physical Planning and Public Utilities-Planning Department, 2011)
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Table ‎4.3Length and total capacity of the Drainage Canals 
 
4.5.3 Physiographical Characteristics 
The topography, soil, and geomorphology maps of Khartoum State show that the topography 
of the area is almost flat to slightly undulating and sloping towards the North to the Blue Nile 
and the West to the White Nile. Kariema, Kuku, Kadaru Complex is the geomorphological 
unit of Khartoum city center (refer Section 3.2), where the soil is deep varying from silt loam 
to clay in texture (Land Use Map of Khartoum State, 2000; Land Use Map of Khartoum State 
– Explanatory report, 2000). 
No. Drainage Name 
Length 
(m) 
Total 
Capacity 
(m
3
) 
No. Drainage Name 
Length 
(m) 
Total 
Capacity 
(m
3
) 
1 Tabia Shariq 1366 1667 14 Elmarkaz Elsihi 366 659 
2 Tabia Garib 1378 814 15 Ganoub Gamaa Elsudan 728 1310 
3 Osman Digna 945 1134 16 Bank Elsudan 965 1737 
4 Elmahdi 838 453 17 Arbab Elagaid 1640 1287 
5 Elmac Nimir 2650 1431 18 Sinkat 589 353 
6 Elhokm Eletihadi 317 249 19 Elsayed Abdelrahman 1492 186 
7 Kont Mokhlis 582 175 20 Elbaladia 597 179 
8 Elqasr 2662 2662 21 Eltayar Gameel 108 32 
9 El Tayar Murad 667 552 22 Elgamhoria 3207 1025 
10 Abdelmunim 1719 1454 23 Elgamaa 3699 1062 
11 Elhuria 2407 1826 24 Elnigomi 848 212 
12 Ali Abdellatif 1392 2088 25 Gwat Musalha Masjid 130 33 
13 Elbank Elziraai 778 1400     
Total Length 32070 m Total Capacity 23980 m
3 
(Source: Author own results; Drainage Canals: Khartoum State Ministry of Physical Planning and Public 
Utilities-Planning Department, 2011) 
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4.5.4 Hydrological Investigations 
4.5.4.1 Rainfall analysis 
Daily rainfall records for the last 32 years (1980-2011) were used for investigating the 
hydrological characteristics of the study area. Rain events take place during the rainy season, 
which extends from July – September; yet, some events were recorded in May, June and 
October months. The average annual rainfall for this period is 116 mm and the average 
maximum daily is 38.2 mm. With total rainfall 415.5 mm, the year 1988 is recorded as a 
unique year for the last 50 years (Tschakert et al., 2010; Sutcliffe et al., 1989). Half of this 
amount had fallen in one day. Discarding the year 1988 resulted in an average annual rainfall 
of 103 mm and an average maximum daily of 31.9 mm. Figure 4.7 shows the relation 
between the total annual and the maximum daily rainfall depth for the period 1980-2011. The 
graphs show kind of similarity, which reflect the role of the maximum rainfall event on 
determining the total annual rainfall value (Elagib, 2010a; Davies and Walsh, 1997). This is 
obvious for the years (1980 – 1994). But for the following years from 1995 – 2004, the 
maximum annual rainfall value does not follow the same trend. It is likely that the average 
annual rainfall for this period is either due to number of rainfall that are equal or near to the 
annual maximum value or due to more rainfall days. The driest years in this period are 1984, 
1990, and 2011. These years are characterized by very few rain events (2 - 6) with annual 
rainfall less than 15 mm. The wet years, excluding the year 1988, could be classified into two 
categories according to the total annual rainfall and the magnitude of the maximum daily 
rainfall: years with relatively high annual rainfall, above the average annual, with above 
average maximum daily rainfall, i.e. 1987, 1998, 2002, and 2004. The other category is the 
years with both high total annual and maximum daily rainfall magnitudes, which are 1981, 
1992, 1994, 1995, 1996, 1997, 1999, 2001, 2003, 2005, 2007, and 2009. Analyzing the data 
decade wise showed that the 80’s is the driest of the 32 years period with 72 mm average 
annual rainfall and 22 mm average maximum daily rainfall. However, the 90’s and 2000’s 
decades have almost the same average annual rainfall of 124 mm and 123.5 mm and average 
maximum daily of 35.8 mm and 40.8 mm, respectively. 
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Figure ‎4.7 Annual rainfall and daily maximum rainfall depth for Khartoum 
(Source: Author own results; Daily rainfall data: Sudan Meteorological Authority, Khartoum Station) 
 
The role of the number of wet days in classifying the year into wet or dry was examined. It is 
found that the average number of rainy days during this 32 years period is 15 days. Figure 4.8 
shows that there are 18 years with rainy days equal or greater than the average annual. 
Nevertheless, not all these years were considered as wet ones. For example, the years 1980, 
1989, 2008, and 2010 have more wet days than the average annual; yet they are categorized 
among the dry years. On the other hand, there are years with less wet days, i.e., 1987, 1988, 
1992, 1998, and 2007, but they fall among the wet years category. Thus, the number of the 
rainy days in a year is not the determinant factor in classifying the year to be a wet or dry one 
(Table 4.4). It is worth mentioning that about 50% of the rain events during the years 2004-
2006 and the year 2009 are of trace rainfall type (rainfall magnitude < 0.1 mm). Normally 
trace rainfall event is considered as zero value when calculating the monthly or annual 
rainfall totals. A recent study by Elagib (2010a) related the increase of the trace rainfall to the 
dust storm events that have become more frequent in the area. The dust storm breaks the rain 
drops into smaller fractions. For instance, Figure 4.9 shows clearly the continuous increase of 
the rainy days number for the years (2001-2006); however, the annual rainfall magnitude did 
not follow the same trend.  
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Figure ‎4.8 Number of annual rainfall events for Khartoum  
(Source: Author own results; Daily rainfall data: Sudan Meteorological Authority, Khartoum Station) 
Figure ‎4.9 Annual rainfall and the number of annual rainfall events for Khartoum 
(Source: Author own results; Daily rainfall data: Sudan Meteorological Authority, Khartoum Station) 
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Table ‎4.4 Wet and dry year classification with respect to the annual rainfall and maximum daily rainfall and 
number of rain events 
  
No. Year 
Annual maximum  
daily rainfall (mm) 
Annual rainfall 
(mm) 
Number of 
annual rainfall 
events 
Rainfall 
events <0.1 
mm 
1 1980 32.1 96.3 17 - 
2 1981 44.5 141.1 16 - 
3 1982 29.5 102.7 17 - 
4 1983 27.5 84.0 10 - 
5 1984 3.3 4.7 2 - 
6 1985 16.4 38.8 10 - 
7 1986 13.3 57.7 13 - 
8 1987 35.0 115.6 10 - 
9 1988 200.5 415.5 14 - 
10 1989 20.8 79.8 19 - 
11 1990 2.0 4.4 4 - 
12 1991 19.1 44.9 7 - 
13 1992 66.0 146.1 12 - 
14 1993 21.0 38.8 8 - 
15 1994 35.0 232.6 20 - 
16 1995 45.9 195.0 18 - 
17 1996 57.3 199.3 18 - 
18 1997 40.8 141.0 21 - 
19 1998 44.0 110.7 14 - 
20 1999 27.0 130.6 24 - 
21 2000 34.8 58.6 9 - 
22 2001 34.0 127.8 15 - 
23 2002 37.0 107.5 17 - 
24 2003 44.3 161.4 20 - 
25 2004 45.3 109.7 23 13 
26 2005 70.0 140.7 26 13 
27 2006 42.4 133.7 30 13 
28 2007 36.3 178.0 14 - 
29 2008 21.5 82.2 16 - 
30 2009 42.0 135.7 34 18 
31 2010 29.0 73.0 17 - 
32 2011 5.0 11.9 6 - 
Source: Author own results; Daily rainfall data: Sudan Meteorological Authority, Khartoum Station 
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4.5.4.2 Probability of rainfall maxima 
The rainfall probability of occurrence was driven from daily rainfall records for the years 
1980-2011. Gumbel distribution was applied to determine P for extreme events, which has 
been selected according to the POT method. Rainfall threshold is found to be 8 mm resulting 
in 104 rainfall maxima within the 32 years. The statistical analysis resulted in the mean (µ) 
and the standard deviation (σ) to be equal to 24 mm and 13.15 mm, respectively. Hence, the 
value of the constants (c) and (a) was calculated and found to be 10.26 and -18.1, 
respectively. By calculating ( ) for the different rainfall values, the probability of 
occurrence curve was driven as shown in Figure 4.10 and the linear representation is shown 
in Figure 4.11, giving a correlation coefficient (R
2
) of 0.98 . Then after, the return period in 
years for the rainfall maxima was computed; it is the reciprocal of the probability (Table 3.5). 
Rainfall maxima of 8.2 – 45.9 mm are with return period of 1 – 16 years.  Rainfall events 
with probability of 69 – 93% are with return period of 1 – 1.5 years; these are the daily 
rainfall of 8.2 – 16.4 mm. 
 
 
 
 
 
 
 
 
Figure ‎4.10 Probability of occurrence of daily rainfall maxima (1980-2011) 
(Source: Author own results; Daily rainfall data: Sudan Meteorological Authority, Khartoum Station) 
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 Figure ‎4.11 Linear representation of the probability of occurrence of rainfall maxima (1980-2011) 
(Source: Author own results; Daily rainfall data: Sudan Meteorological Authority, Khartoum Station) 
 
 
Table ‎4.5 The probability and return period for the different rainfall values 
 
 
No. 
Rainfall range 
(mm) 
Probability of Occurrence 
(P %) 
Return Period (T) in 
(years) 
1 8.2 - 16.4 69 - 93 1.1 - 1.4 
2 16.9 - 22.0 49 - 67 1.5 - 2.0 
3 23.0 - 27.5 33 - 46 2.2 - 3.0 
4 28.2 - 31.5 24 - 31 3.2 - 4.2 
5 31.7 - 34.0 19 - 23 4.3 - 5.2 
6 34.8 - 37.5 14 - 18 5.6 - 7.2 
7 38.0 - 40.8 10 - 13 7.5 - 9.7 
8 42.0 - 44.0 8 - 9 10.8 - 13.0 
9 44.3 - 45.9 6 - 7 11.2 - 15.6 
10 ≥ 57.3 < 2.0 ≥ 46 
Source: Author own results; Daily rainfall data: Sudan Meteorological Authority, Khartoum Station 
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4.5.4.3 Potential runoff  
The US-NRCS method was used to calculate the potential runoff in the study area. This 
method requires the determination of the maximum retention (S), which is dependent on the 
of the curve number. CN values are dependent on the land use classification and the 
hydrological soil group. Figure 4.12 shows the land use map of Khartoum City Center; the 
land cover corresponds to the water retention capacity of the soil, which is a determinant 
factor for the rainfall-runoff relationship. It is found that the area consists of six categories: 
green plots, parking plots, streets, a commercial area, a residential area, and an area under 
development. According to the soil investigation, the hydrological soil group of the area is 
found to be of group D, which indicates low infiltration and high runoff. Then, CN value for 
each land cover has been obtained from the Curve Number table (Chow et al., 1988; after 
SCS, 1985). Table 3.6 shows the CN values of each land use class proportional to its 
corresponding area. Substituting the CN values of each land cover in equation 4.6, the 
weighted CN value is found to be 94%. This confirms the dominance of the impervious 
surfaces in the study area.  
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Figure ‎4.12 Khartoum City Center land use map  
(Source: Author own results; Image: ESRI world layer 2008 for ArcGIS; Building Blocks layer: Khartoum State Ministry of Physical Planning and Public 
Utilities-Surveying Department, 2011)
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        Table ‎4.6 CN values corresponding to the land cover  
 
Substituting the weighted CN value in equation 4.4, the maximum retention of the soil (S) 
and consequently the initial abstraction (  are found to be equal to 16.1 mm and 3.24 mm, 
respectively. Then after, the potential runoff depth for the daily rainfall in (mm) of the period 
(1980-2011) has been obtained from equation 4.3. The relationship between the rainfall and 
the potential runoff of daily rainfall representative data is presented in Figure 4.13 and Table 
4.7. Rainfall threshold value for runoff generation is found to be 3.3 mm; at this value the 
initial loss is fulfilled. Since rainfall threshold of 5 mm/event for runoff generation is used in 
many rainfall-runoff models (Prinz and Singh, 2000), hence, the US-NRCS model shows 
good representation of the rainfall-runoff relationship in the study area, since runoff 
generation in the study area is only feasible with rainfall depth greater than 3.3 mm.  
Analyzing the resulted potential runoff volumes, it is found that rainfall magnitudes up to 
13.1 mm equals the design capacity of the drainage network for Khartoum City Center, i.e. 
up to its capacity of 24000 m
3
. With rainfall depths greater than 18.5 mm, the drainage 
system receives water volumes that are as double as its capacity; the 30 mm threshold rainfall 
depth, responsible for raising flood hazard in Central Sudan (Elagib, 2010a) is found to have 
a potential runoff volume that is more than four folds the drainage system capacity (107600 
m
3
), a situation where the city inundation is no more questionable. This is due to the fact that 
No. 
Cover type and hydrologic 
condition 
Area 
(m
2
) 
Land cover 
area (%) 
CN 
(%) 
Weighted 
CN (%) 
1 
Commercial and business districts 
(85%) impervious 
4083718 63.2 95 6007 
2 
Streets and road (excluding right-of-
way)* 
882156 13.7 95 1298 
3 
Sunut new commercial and business 
district (Developing urban areas) 
665560 10.3 94 969 
4 
Open spaces (lawns, parks), fair 
condition (50% - 75%) 
490171 7.6 84 638 
5 
Residential areas (Town houses, 1/8 
acre or less), 65% impervious 
302997 4.7 92 432 
6 Paved parking lots* 34115 0.5 95 50 
7 Total 6458717 100 - 9394 
* For warm climates CN equal to 95 instead of 98 
Source: Author own results 
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during the rainy season the drainage at the Blue and White Niles is controlled as a protection 
measure, since the rainy season in Khartoum State coincide with the flooding time of the two 
Niles.  
 
 
 
 
 
 
Figure ‎4.13 Rainfall depth and the corresponding potential runoff in mm (1980-2011)  
(Source: Author own results; Daily rainfall data: Sudan Meteorological Authority, Khartoum Station) 
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        Table ‎4.7 US-NRCS potential runoff depth and volume corresponding to daily rainfall 
 
No. Year Month 
Total Rainfall 
(mm) 
Potential Runoff 
Depth (Rd) 
(mm)* 
Potential Runoff 
Volume (Rv) 
(m
3
)** 
1 1988 8 200.5 182.25 1177104.96 
2 2005 7 70.0 53.69 346790.83 
3 1992 8 66.0 49.85 321995.42 
4 1996 9 57.3 41.57 268473.85 
5 1995 9 45.9 30.89 199535.73 
6 1981 7 44.5 29.60 191197.90 
7 1988 8 43.0 28.23 182303.58 
8 1997 10 40.8 26.22 169338.65 
9 2002 8 37.0 22.79 147202.58 
10 2007 8 36.3 22.17 143165.36 
11 1987 8 35.0 21.01 135705.10 
12 1988 8 34.0 20.13 130001.68 
13 1996 9 32.0 18.38 118695.54 
14 2010 8 29.0 15.80 102024.06 
15 1999 10 27.0 14.11 91135.13 
16 2001 7 25.2 12.62 81516.70 
17 1987 6 23.0 10.84 70033.43 
18 1993 8 21.0 9.27 59900.22 
19 1983 6 19.0 7.76 50115.03 
20 2004 8 17.0 6.31 40747.47 
21 1987 5 15.1 5.00 32316.35 
22 1983 7 13.8 4.16 26861.44 
23 1982 8 13.0 3.66 23650.77 
24 1998 9 11.0 2.51 16194.69 
25 1992 5 9.0 1.51 9731.58 
26 1985 5 7.0 0.71 4559.34 
27 1982 5 5.0 0.17 1108.25 
28 1982 8 3.3 0.00 0.00 
*R d  = (P 0.2S)
2/ (P+0.8S)                                          S = 16.21 mm 
**R v = (R d/1000)* Total Area                                    Total Area = 6.5 km
2
 
Source: Author own results; Daily rainfall data: Sudan Meteorological Authority, Khartoum Station 
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Table 4.8 shows the probability of occurrence for runoff with respect to that of the rainfall 
reference to Section 4.5.4.2. It is found that runoff volumes of 7500 – 403000 m3, 
corresponding to rainfall of 8.2-16.9 mm, are with probability of 67% and more, i.e. 1 – 1.5 
years return period. Taking the 42 mm rainstorm of the year 2009 as an example of extreme 
rainstorm events, a potential runoff volume of 166398 m
3
 can be generated. This volume is 
almost 7 folds the drainage network capacity and has a return period of 11 years. 
Table ‎4.8 Runoff volume probability of occurrence corresponding to rainfall probability 
  
4.5.5 Potential Rainwater Harvesting Sites 
The impermeable surface area covered by the streets and the commercial and business 
districts represents 14% and 63% of the city center area, respectively (Table 4.6, Section 
4.5.4.3). This means about 77% of impervious area contribution to runoff generation, which 
indicates a good potential for rainwater harvesting in the study area. Figure 4.14 shows the 
potential sites for rainwater harvesting. These compounds consist mostly of main buildings, 
auxiliary buildings, garden, and completely sealed ground. 
No. 
Rainfall Range 
(mm) 
Potential Runoff (Rv) 
(m
3
) 
Probability of 
Occurrence 
(P%) 
Return Period (T) 
(years) 
1 8.2 - 16.4 7487 – 38031 69 - 93 1.1 - 1.4 
2 16.9 - 22.0 40292 – 64927 49 - 67 1.5 - 2.0 
3 23.0 - 27.5 70033 – 93839 33 - 46 2.2 - 3.0 
4 28.2 - 31.5 97645 – 115892 24 - 31 3.2 - 4.2 
5 31.7 - 34.0 117012 – 130002 19 - 23 4.3 - 5.2 
6 34.8 - 37.5 134562 – 150095 14 - 18 5.6 - 7.2 
7 38.0 - 40.8 152993 – 196339 10 - 13 7.5 - 9.7 
8 42.0 - 44.0 166398 – 188228 8 - 9 10.8 - 13.0 
9 44.3 - 45.9 190010 – 199536 6 - 7 11.2 - 15.6 
10 ≥ 57.3 ≥ 268474 < 2.0 ≥ 46 
Source: Author own results; Daily rainfall data: Sudan Meteorological Authority, Khartoum Station 
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Figure ‎4.14 The potential sites and buildings for RWH in Khartoum City Center 
(Source: Author own results; Building Blocks layer: Khartoum State Ministry of Physical Planning and Public Utilities-Surveying Department, 2011)
Sunut Forest 
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Six potential sites were chosen: four are building complexes with gardens and two are green 
areas surrounded by sealed surface. The sites are the Presidential Palace, the Ministry of 
Finance, Sudapost Headquarter Office, and the Bank of Sudan, while the green areas 
complexes are the Botanic garden and Khartoum Football Stadium, as shown in Figure 4.15. 
Table 4.9 shows the roof catchment area for each of the selected sites being calculated in 
ArcMap; the roof catchment showed here is only for the main buildings of the building 
complexes.    
Table ‎4.9 Roof catchment area of the potential rainwater harvesting sites 
 
 
 
 
 
No. Site Name 
Building Complex 
and  Sealed 
Ground Area (m
2
) 
Garden 
Area (m
2
) 
Catchment 
Area (m
2
) 
1 
Presidential 
Palace (PP) 
101991 53201 4707 
2 
Sudapost Headquarter 
(SPHQ) 
7112 - 3786 
3 
Ministry of 
Finance (MoF) 
9759 5976 4148 
4 
Central Bank of Sudan 
(CBS) 
66313 4888 3857 
5 
Khartoum 
Staduim (KHS) 
25375 6639 18736 
6 
Botanic 
Garden (BG) 
42570 38247 4324 
7 Total 253120 108951 39558 
Source: Author own results 
Water Harvesting for Integrated Water Resources Management and Sustainable Development in Khartoum State – Urban Part 
 
76  
 
 
Figure ‎4.15 Selected sites for rainwater harvesting 
(Source: Author own results; Main and Auxiliary Buildings Layer: GIS Department of Khartoum State Surveying Authority) 
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For the selected catchment surfaces, the runoff coefficient is chosen on the basis of the 
maximum loss of rainwater before runoff can happen, i.e. 0.80. The rational method was 
applied to calculate the potential runoff depth that can be harvested from the roofs and sealed 
grounds to be stored for later use; values of rainfall depths, surface area and the runoff 
coefficient were substituted in equation 4.5. Table 4.10 shows the probability of occurrence 
(P) and the return period (T) of the estimated potential runoff depths of each site that 
correspond to the respective rainfall depths. Taking the rainstorm of the year 2009 as an 
example, the 42 mm rainfall depth could produce a total of 1330 m
3
 runoff from about 39600 
m
2
 surface area, representing about 0.8% of the total runoff generated in the City Center area 
for the same rainfall depth. Considering only the Building Complexes sites, i.e. potential for 
roof water harvesting, 554 m
3
 of
 
roof runoff water is produced from roof area of 16498 m
2
. 
Hence, rainwater harvesting from roof catchments area of 714714 m
2
, about 17.5% of the 
commercial and business district area, results in a water volume that equals the drainage 
volume capacity (24000 m
3
), i.e. from 13.1 mm rainfall depth with 80% probability of 
occurrence and one year return period. Similarly, runoff generated from the 30 mm rainfall, 
with return period of 3-4 years, could be harvested from 80% of the roofs area of the 
commercial and business district buildings, which represent 63% of the City Center area. 
This reflects the high potentiality of roof rainwater harvesting in the city center area for 
effective rainwater use and management. 
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     Table ‎4.10 Potential runoff from the selected roofs and their probability of occurrence and return period 
   Runoff (m
3
) 
 PP SPHQ MoF CBS KHS BG Total 
No 
Rainfall 
(mm) 
Probability (%) /  
Return Period (year) 
4707 
(m
2
) 
3786 
(m
2
) 
4148 
(m
2
) 
3857 
(m
2
) 
18736 
(m
2
) 
4324 
(m
2
) 
39558 
(m
2
) 
1 8.0 
93-63% 
1.0 - 1.6 
30 24 27 25 120 28 253 
2 9.0 34 27 30 28 135 31 285 
3 10.0 38 30 33 31 150 35 316 
4 11.0 41 33 37 34 165 38 348 
5 12.0 45 36 40 37 180 42 380 
6 13.0 49 39 43 40 195 45 411 
7 13.8 52 42 46 43 207 48 437 
8 15.1 57 46 50 47 226 52 478 
9 16.0 60 48 53 49 240 55 506 
10 17.0 64 51 56 52 255 59 538 
11 18.0 68 55 60 56 270 62 570 
12 19.0 
60-29% 
1.7 - 3.4 
72 58 63 59 285 66 601 
13 20.2 76 61 67 62 303 70 639 
14 21.0 79 64 70 65 315 73 665 
15 22.0 83 67 73 68 330 76 696 
16 23.0 87 70 76 71 345 80 728 
17 24.3 92 74 81 75 364 84 769 
18 25.2 95 76 84 78 378 87 797 
19 26.0 98 79 86 80 390 90 823 
20 27.0 102 82 90 83 405 93 854 
21 28.2 106 85 94 87 423 98 892 
22 29.0 109 88 96 89 435 100 918 
23 30.0 
27-10% 
3.7 - 9.7 
113 91 100 93 450 104 949 
24 32.0 120 97 106 99 480 111 1013 
25 32.6 123 99 108 101 489 113 1032 
26 34.0 128 103 113 105 510 118 1076 
27 35.0 132 106 116 108 525 121 1108 
28 36.3 137 110 120 112 544 126 1149 
29 37.0 139 112 123 114 555 128 1171 
30 38.0 143 115 126 117 570 131 1203 
31 40.8 154 124 135 126 612 141 1291 
32 42.0 
9-6% 
10.8 - 15.6 
158 127 139 130 630 145 1329 
33 43.0 162 130 143 133 645 149 1361 
34 44.0 166 133 146 136 660 152 1392 
35 44.5 168 135 148 137 667 154 1408 
36 45.9 173 139 152 142 688 159 1453 
37 ≥ 57.3 
< 2.0% 
≥ 46 
216 174 190 177 859 198 1813 
Source: Author own results 
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4.6 Conclusions  
This research study took Khartoum City Center as a representative area to investigate the 
potential of water harvesting application in the urban parts of Khartoum State. Distinct 
methods were followed in order to conduct the investigations necessary to achieve the 
objective of the study. The investigation included the determination of the drainage network 
characteristics, the hydrological investigations, the land use categorization, and the 
localization of the potential sites for rainwater harvesting. In addition different maps were 
created and processed with the help of Google Earth and ArcGIS platforms to extract data 
and information as well as to visualize the final results, which are concluded as follows:  
Investigating the inundation problem required creating the streets, drainage network, 
inundation and land use maps: 
- Streets with total length and area of 77 km and 0.9 km2, respectively, extend within 
the 6.5 km
2
 City Center area; 32 km of this length discharge runoff water to parallel 
constructed canals. 
- The drainage system covers 42% of the study area with a total capacity of 24000 m3. 
- Six land use categories constitute the area: commercial and business districts (63.2%), 
streets and road (13.7%), under development commercial and business district 
(10.3%), open spaces (lawns, parks) (7.6%), residential area (4.7%), and paved 
parking lots representing (0.5%). 
The Natural Resources Conservation Services provided by the United States (US-NRCS) 
method was used to calculate the potential runoff from daily rainfall records of Khartoum 
Meteorological Station for the years 1980-2011: 
- The HSG of the area is found to be of type D indicating high runoff potential.  
- Land use categories resulted in CN weighted value of 94%, indicating imperviousness 
dominance. 
- Soil maximum retention (S) and the initial abstraction (  are found to be of 16.1 
mm and 3.24 mm, respectively. 
- The rainfall threshold from the investigated rainfall data is 3.3 mm for runoff to 
happen; indicating good representation of US-NRCS method, since rainfall threshold 
of 5 mm/event are commonly used. 
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- Rainfall magnitudes up to 13.1 mm and 18.5 mm produce runoff volumes that are 
equal to and double the design capacity of the City Center drainage network, 
respectively.  
- The 30 mm threshold rainfall for raising flood hazard in the area has a potential runoff 
volume of 107600 m
3
; representing more than four times the drainage system 
capacity. 
Gumble distribution was applied for the probability of occurrence of extreme rain events and 
the return period was then derived. Consideration was given to the probability and return 
period for the respective produced potential runoff as well:  
- The minimum value of rainfall maxima during the last 32 years is found to be 8.2 
mm, following the POT method of data series selection. 
-  The statistical analysis resulted in the mean (µ) and the standard deviation (σ) to be 
equal to 24 mm and 13.15 mm, respectively. 
- The linear representation of the probability of occurrence curve gave a correlation 
coefficient (R
2
) of 0.98. 
-  Rainfall events with probability of 69 – 93% are with return period of 1 – 1.5 years; 
these are the daily rainfall of 8.2 – 16.4 mm. 
- Rainfall maxima of 8.2 – 45.9 mm are with return period of 1 – 16 years. 
- The 13.1 mm is with 80% probability and occurs almost every year.  
- The 30 mm rainfall has a probability of 25-30% with a return period of 3-4 years. 
- Rainfall magnitudes of 8.2 – 17.0 mm and respective potential runoff volumes of 
7500 – 40300 m3 are found to be with probability of and more than 67%, i.e. 1.0 – 1.5 
years return period.  
Defining the potential sites for rainwater harvesting was made according to the location of the 
site within the inundated areas, the roof type, and the presence of green area. The Rational 
method was used to calculate the potential water volume from the selected sites: 
- Four building complexes and two green areas are the potential sites being selected 
with total catchment area of 39600 m
2
. 
- Runoff produced by the 13.1 and 30 mm rainfall can be harvested from 17.5% and 
80% of the roofs of the commercial and business district buildings, respectively.  
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5 Rural Water Harvesting 
5.1 Seleit Area  
Seleit area is located northeastern Khartoum State part of the rural area of Khartoum North 
(Bahri) Locality. According to CBS (2008),the locality comprises four Administrative Units 
two of which are rural representing 23.5% of the total population. Located within the latitude 
and longitude of 15° 45´ - 16° 00´ N and 32° 30´ - 33° 00´ E,  Seleit Area is divided 
geographically between El Jaili and El Seleit rural administrative units, which their rural 
population represents 48.6% and 51.4% of the locality rural population, respectively. Figure 
5.1 shows the location of the study area and the distribution of the settlement. Three 
ephemeral water courses (Wadis), namely El Kangar, El Seleit, and El Kabbashi, constitute 
the area. They flow from the east to the west towards the Nile and represent the sole water 
source for the settlement upstream the Wadis watersheds. Two types of settlement constitute 
the study area: small scattered settlements in the upstream and small and relatively large 
villages downstream the Wadis. It can be seen that the settlement is denser near to the Nile 
and its flood plain and become lower further from the Nile. The main water source for 
villages at the downstream is the Nile water or groundwater, while water ponds (Hafiers)are 
the main water source for the scattered upstream settlement. These Hafiers are filled with 
runoff water brought by the Wadis during the rainy season. Since the year 2006 an earth dam 
was constructed on each Wadi course to protect downstream settlements from the hazards of 
flash floods (Land Use Map of Khartoum State – Explanatory Report, 2000). 
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Figure ‎5.1 Distribution of settlement within the study area 
 (Map: Google Earth; settlement layer: Author own data) 
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5.2 Problem Statement  
Analysis of the rain days in central Sudan, Elagib (2010a) has revealed that a few rainstorm 
events characterize the rainy season; they count for most of the annual magnitude, i.e. high 
intensity rainfall. According to Tschakert et al. (2010) and Davies and Walsh (1997), high 
intensity rainstorms have become more frequent in the Sahel region since the last two 
decades, e.g. 1995, 1998, 1999, 2002, 2003, 2005, 2006, 2007, and 2009; they have resulted 
mostly in floods, e.g. 2003, 2007 and 2009 (Tschakert et al., 2010).During the same period, 
Seleit area has experienced heavy rainstorms in 1994, 1996, 1998, 2001, 2003, 2006, and 
2009; some of them resulted in sever flash floods. Figure 5.2 shows a heavy flash flood 
during the rainy season of the year 2006 that had brought a truck off the road; the rainfall data 
show that the magnitude of this rainstorm is 26.9 mm.    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure ‎5.2Flash flood event in August 2007 in an area 20 km northern Khartoum 
(Photo: UNEP, 2007) 
 
However, being part of the arid belt, Seleit area experiences the dryness almost during the 
whole year apart from the short rainy season. People depend on the runoff brought about by 
the wadis to fulfill their water demand for the different purposes, as they store the runoff 
water in the Hafier. Short and long lasting Hafiers are the sole water sources for many of the 
settlements, especially upstream the Wadis. As it can be seen from Figure 5.3, the small 
Hafiers are constructed by the villagers within the area surrounding the settlement; the 
relatively long lasting Hafiers are very limited and scattered within the Wadis’ watersheds. 
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They are normally excavated by the government or charity people for communal utilization. 
Yet, Hafiers water hardly covers the water demand beyond the rainy season and people have 
to look for other water sources, e.g. irrigation canals and Nile water, as Figure 5.4shows, 
villagers have to walk far distances and spent long time fetching water. When the dry season 
approaching its end, severity of water shortage problem reaches its maximum and the 
villagers find no option but to buy the water from water sellers. 
 
Figure ‎5.3Hafiers as water source in the study area (Field visits) 
(Photos: Author) 
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Figure ‎5.4 Water sources during the dry season (Field visits) 
(Photos: Author) 
 
Although flash floods caused by rainstorms bring huge volumes of water, it is used to be 
instantly lost to the Nile; however, the construction of the dams on the Wadis water courses 
has prevented downstream villages from flash flood hazard and detained the runoff water in 
the dams reservoirs. Unfortunately, the water is exposed to the direct sun and slowly got lost 
through evaporation (Figure 5.5). 
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Figure ‎5.5 Water exposed to evaporation from dam reservoir (Photo taken from dam body) 
(Photos: Author) 
 
Therefore, the main problem in the region is water resource management that results in 
severe water shortage during the dry season, which hinders the development of the region. 
People have to allocate much time and effort to supply their demand of water. According to 
UNDP (2011), Khartoum North (Bahri) locality -where Seleit area is located- possesses the 
potential of large unutilized agricultural and livestock raising areas; unfortunately agriculture 
faces the urban expansion in the expenses of the arable land, and livestock production farms 
lack, among others, the pasture and water. This steady decline in the conventional farming 
resulted in fast rural migration to manufacturing places within Khartoum State. 
 
5.3 Research Objectives 
In view of the above mentioned problems, the aim of this research is to investigate the 
potential water harvesting in Seleit area, as a mean of rural water management, so that, they 
could have better access to potable water. Runoff water harvesting enables the efficient use of 
the runoff water that is being brought about by the Wadis during the rainy season for later use 
during the dry season. Only then, the villagers could allocate time for education and other 
effective income generating activities for their livelihood. The specific objectives of this 
research study are, therefore, to: 
 
  
Water Harvesting for Integrated Water Resources Management and Sustainable Development in Khartoum State – RuralPart 
 
87  
 
- Investigate the water resources in the region with respect to the water demand and 
allocation for the different purposes. 
 
- Quantify the potential annual runoff with consideration to the individual rainstorm. 
 
- Examine the socio-economic conditions in the region in terms of demographic 
conditions, economic activities, and financial capacities of the households.  
 
- Define the appropriate water harvesting sites and systems for better management of 
the seasonal runoff water. 
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5.4 Methodology 
There are different factors that should be considered when investigating water harvesting 
projects in a rural region. Figure 5.6 shows the most important components that were 
investigated in the study area. The determination of the water harvesting system and location 
is dependent on the runoff water quantity and the purpose of the water harvesting system. The 
procedure is illustrated in the following sections. 
 
Figure ‎5.6 Schematic diagram of Water harvesting project main components 
(Source: Author) 
 
5.4.1 Wadis Hydrological Investigations 
5.4.1.1 Geomorphological investigation 
The hydrological investigation of a river or stream system requires investigating its watershed 
in terms of slope, topography, watershed boundary, and the drainage features. Investigating 
the hydrological characteristics of a watershed in ArcMap, which is the GIS platform for 
viewing, analyzing, and editing maps’ layers to create new ones, requires elevation data in a 
digitized format.  The elevation data is processed then in a sequence to produce the necessary 
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data for the watershed delineation, e.g. flow direction, flow accumulation, streams network, 
etc. the computation of these hydrological features is illustrated in the following sections.  
Digital elevation model  
Digitized elevation data is the initial input for deriving the basic data to delineate any 
catchment in ArcMap. A Digital Elevation Model (DEM) or a Digital Terrain Model (DTM) 
represents the elevation data in a raster format where each pixel contains an altitude value 
together with the coordinate points (x, y, and z). Topographic and contour maps are the main 
source for creating DEMs. Yet, there are freely accessible high resolution DEMs that covers 
the entire globe. SRTM (Shuttle Radar Topographic Mission) 90m DEM and ASTER 
(Advanced Spaceborne Thermal Emission and Reflection Radiometer) 30m GDEM provided 
by NASA are example of these DEMs. ASTER 30 m GDEM is a product of collaboration 
project between NASA and the Japan government. SRTM 90 m DEM is provided by NASA 
with a resolution of 90 m (pixel size) at the equator. It is available from the US-Geological 
Survey (USGS) and the Consultative Group on International Agricultural Research, 
Consortium for Spatial Information (CGIAR-CSI) websites. 
According to the Land Use Map of Khartoum State- Explanatory Report (2000), the flatness 
of the area and the lack of large scale topographic maps make the delineation of the exact 
Wadis watershed quite complicated. Thus, the hydrological investigation of the study area 
was carried out using the ASTER 30m and the SRTM 90m DEMs; although the former is of 
a higher resolution, the latter has represented the area under study very well. Therefore, the 
SRTM 90m DEM v4 provided by CGIAR-CSI
1
 was used to derive the slope and to examine 
the hydrological characteristics of the study area. 
The slope of the study area was calculated from the SRTM 90 DEM where the slope tool of 
the Spatial Analyst Tool in ArcMap was applied. The delineation process of the watersheds 
and stream networks of the study area Wadis is elaborated in the following sections.  
Stream networkdelineation 
In ArcGIS 9.3, applying the Hydrology tools of the Spatial Analyst Toolbox of ArcMap, the 
flow direction was generated from the SRTM 90 m DEM. The filled DEM was the input 
layer for the flow direction generation command. The product of this command is a layer 
                                               
1 Jarvis A.,  H.I. Reuter, A.  Nelson, E. Guevara, 2008. Hole-filled seamless SRTM data V4, International Centre for 
Tropical Agriculture (CIAT); available from http://srtm.csi.cgiar.org. 
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with eight colors indicating the direction of the flow from each cell to its downward or 
neighboring cell according to the elevation and the distance between the centers of the 
adjacent cells. Then after, the flow accumulation was calculated; the flow direction was the 
input raster. Flow accumulation is known as the accumulated weight of all cells flow into 
each downslope cell, where the minimum value is zero at the ridges and the maximum value 
is at the outlet cell of the watershed. Cells with high accumulated values form the drainage 
network. The flow accumulation raster is used to delineate the stream network. To define 
where a stream channel begins a threshold value was assigned to the flow accumulation 
raster. It is the minimum number of cells received by a cell from the upslope.  Applying the 
Conditional function in ArcMap tool, the accumulation flow for the study area was given a 
threshold value of 150. The resulted stream network raster is vectorized in order to extract its 
features.  
Wadi watershed computation 
Delineating the catchment or watershed area in ArcMap required the flow accumulation 
surface raster and a predefined pour points feature data as an input for the watershed 
delineation command. The pour points represent the outlet of the watershed and its sub-
watersheds. Point feature shapefile was created in ArcCatalog for each outlet. Then after, the 
outlets location was specified in an Editing session in ArcMap. The pour point should be the 
cell with the highest value in the selected stream network; therefore, the snap pour point 
command was applied. The snapped pour point and the flow accumulation raster were 
processed resulting in a watershed raster which is then victorized for further analysis. 
Additionally, the topology tool was applied to assure that the boarders of the neighboring 
watersheds are correctly integrated. The area of the watersheds and sub-watershed was 
calculated and saved in the attribute table of each Wadi watershed.  
5.4.1.2 Rainfall-runoff calculation 
The Natural Resources Conservation Services (NRCS) or (SCS-CV) method was applied to 
compute the runoff volume produced by rainstorm events in the study area (Section 4.4.5.2). 
It requires the determination of curve number value, rainfall magnitude, and the area of the 
watershed. The curve number (CN) values for the Wadis watersheds and subwatersheds were 
determined according to the soil type, i.e. hydrological soil group (HSG), and the land use/ 
land cover of the area. Daily rainfall data for the years 1988-2011 for Shambat 
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Agrometeorological Station was used for the potential runoff computation; the data is 
acquired from Sudan Meteorological Authority. 
Rain events classification 
According to the NRCS method, the potential of runoff incidence due to a certain rainfall 
magnitude depends on the Antecedent Soil Moisture Condition (AMC). The drier the soil is 
the higher the infiltration potential and the lesser the runoff. The process is reversed in the 
condition of wet soils. Table 5.1shows the classification of the soil moisture condition for 
both the dormant and growing seasons. The classification depends on the sum of rainfall 
depth of five days prior to the rain event. For the study area only the classification for the 
dormant season was considered due to the limited agricultural activities in the region.  
Table ‎5.1Soil antecedent moisture condition classification 
 
 
 
 
 
 
 
 
 
According to the AMC classes, the rainfall data for the 24 years (1988-2011) was analyzed 
and classified. In other words, rain events were classified according to the soil moisture 
condition, i.e. AMC I, AMC II, or AMC III, when the rainfall occurred. 
Curve Number (CN) determination  
To define the curve number value of the study area Wadis, the soil types needed to be 
transformed to the hydrologic soil group (HSG), i.e. A, B, C, or D.  Two soil maps were used 
to define the HSG of the soils of the study area. The first is a national soil map for Khartoum 
State as part of the Land Use Map of Khartoum State (2000), whereas the second map is the 
digitized Soil Map of the World at 1:5.000.000 scale produced by the (FAO-UNESCO, 
2007).The soil map of the study area was digitized in ArcMap and the feature classes were 
attributed to the map attribute table. FAO-UNESCO Soil Map of the World was used to help 
defining the HSG of the study area. An area that covers the research study boundary was 
AMC Class 
5-days antecedent rainfall totals (mm) 
 Dormant season  Growing season 
AMC I (dry) < 12.7  P < 35.6  
AMC II (moderate) 12.7 < P < 27.9  36.6 < P < 53.3 
AMC III (wet) > 27.9  > 53.3 
Source: Technical Release 55 (USDA-NRCS, 1986) 
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extracted and added as a layer in ArcMap. Each soil unit in this map contains the depth and 
the clay, silt, and sand percentage of three horizons, which in total has a depth of 100 cm. The 
soil texture of each horizon was determined using the online NRCS soil texture calculator. 
Then after, the intersection of the two maps resulted in a new map that showed the 
distribution of the local soil series within the global soil units. Consequently, the soil texture 
for the intersected areas was determined and used to identify the HSG. The values for the 
HSG were taken from the tables provided by the NRCS (Table5.2); they were added to the 
attribute table of the soil map. 
 
 Table ‎5.2 Hydrologic soil groups corresponding to the soil texture 
 
 
 
 
 
 
 
 
 
The second factor for the CN determination is the area land cover characteristics. As there is 
no detailed land cover map for the study area, the analysis was made depending on the 
vegetation map of Khartoum State (Land Use Map of Khartoum State (2000)), the 
observation made during the field visits to the study area, and Google Earth maps. A land use 
map was then created where CN values that correspond to the land use type and HSG of the 
watershed were added. These values are taken from the NRSC curve number table which 
represents curve numbers for soil moderate Antecedent Moisture Condition (AMCII), i.e. 
CNII. The intersection of this map with the soil map resulted in assigning CN to areas with 
specific land use and HSG.T hereafter, a weighted value of CN was calculated applying the 
CN values and the corresponding areas in equation (4-6). 
To determine CNI and CNIII values for the soil dry and wet conditions, i.e. AMCI, AMCIII, 
respectively, the weighted CNII value was applied to the equations provided by (Chow et al, 
1988) as follows: 
 
NO. HSG Soil Textures 
1 A Sand, loamy sand, or sandy loam 
2 B Silt loam or loam 
3 C Sandy clay loam 
4 D Clay loam, silty clay loam, sandy clay, silty clay, or clay 
Source: Technical Release 55 (USDA-NRCS, 1986) 
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     CNΙ =  
4.2CN ΙΙ
10 − 0.058 CN ΙΙ
     (5-1) 
 
   CNΙΙΙ =  
23CN ΙΙ
10 + 0.13 CN ΙΙ
     (5-2) 
 
CNs values were applied, thereafter, in equation (4.4) to determine the maximum retention 
(S) for each CN value. The initial losses(ℐa) were considered to be 20% of the maximum 
retention. 
Runoff calculation  
The calculation of the potential runoff depth (Q) from the rainfall events followed the 
determination of the CN values and the corresponding initial losses for each Wadi 
watersheds; where for each soil antecedent moisture condition corresponding rainfall depth 
(P), curve number (CN), and initial losses(ℐa) were applied in equation (4.3). Subsequently, 
the annual potential runoff depth was determined by summing up the runoff produced by 
individual rain events. Considering the Wadis watershed area, the potential water volume 
(m
3
) for individual rain events as well as annual sum was calculated for Wadi El Kangar, 
Wadi El Seleit, and Wadi El Kabbashi. 
5.4.1.3 Calibration of calculated runoff 
Since runoff observed data are not available for the study area watersheds to calibrate the 
runoff volumes obtained by the NRCS method, it was mostly needed to calibrate these results 
against actual runoff data. Therefore, an attempt was undertaken to quantify Wadi El Kangar 
Dam reservoir water. It has necessitated the calculation of the potential runoff of the 
subwatershd upstream the Kanagr Dam. On the other hand, the actual volume was estimated 
by calculating the geometric volume of the reservoir for some years, where the dam has 
captured runoff water; the methodology for this part is illustrated in the following section. 
Eventually, the outcome of both calculations was compared. 
Kangar dam subwatershed potential runoff calculation 
The potential runoff of for the Kanagr Dam subwatershed was calculated applying the NRCS 
method, where the same steps being showed previously in sections (5.4.1.2) were followed. 
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Kangar dam reservoir volume calculation 
Kangar dam is an earth dam extends 4 km northeast – southwest El Kangar. The dam was 
built in the year 2005 mainly for mitigating downstream flashflood hazard. It lacks flow 
measurement records, although an electronic flow measurement device is attached to the dam 
spillway.  This is due to the fact that the water being captured behind the dam has never 
reached the spillway, which is located at the southwest far end of the dam.  
The image history of Google Earth shows some years where the dam reservoir has held 
water. Knowing the volumes of this water gives an approximate indication of how much 
runoff is generated considering the losses. Therefore, the surface water area and volume were 
calculated in ArcGIS 9.3. 
 
a. Reservoir surface area calculation 
The image history in Google Earth shows three years where runoff water was retained 
upstream the dam, i.e. 2006, 2009, and 2010 (Fig. 4.7). In order to calculate the reservoir 
surface area for these years, the water surfaces were delineated in Google Earth. Then after, 
the water surface polygons were converted from KML format to shapefile and viewed in 
ArcMap where the areas being calculated.  
 
Figure ‎5.7 Google Earth images for the dam 
reservoir  (a) January 2006, (b) August 2009, and 
(c) December 2010 
 
 
 
 
(a) (b) 
(c) 
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For the years 2009 and 2010 the images showed a wetted area around the water surface 
boundary. Thus, both boundaries were delineated in order to estimate the water loss till the 
time of the image. In addition, the maximum wetted area as can be seen from Google Earth 
image was delineated in order to estimate the maximum water volume that held by the 
reservoir. 
 
b. Reservoir volume calculation 
To compute the reservoir volume, the elevation points of the reservoir needed to be 
determined. Therefore, a survey work has been conducted at the dam site. Elevation points 
within the reservoir area were measured using a Total Station Surveying instrument. This 
device records the coordinates and the elevation values of sites within a specific area. 
Approximately 200 elevation records were registered  
To create the contour map of the reservoir area, the acquired elevation points were saved in 
Excel sheet. A point shaplefile from the data was created in ArcCatalog and viewed in 
ArcMap. The records were adjusted to remove any overlapped or repeated points. Then after, 
the point shapefile was transformed in ArcMap into raster format and then to contour lines 
using the interpolation and surface commands, respectively, in the spatial analyst tools. 
Furthermore, the contour line coverage area was extended beyond the recorded elevation 
points to cover the maximum wetted area. 
The reservoir volume was calculated using the 3D analyst tools in ArcMap. A surface raster 
was generated by the interpolation of the contour map. In order to calculate the surface 
volume for the individual years, the surface raster was extracted for each year using the 
surface area polygon delineated in Google Earth. The extracted raster files were the input 
data for the surface volume calculation command where the 2D area, 3D area, and the 
volume were saved in a text file.  
 
5.4.2 Socio-economic Analysis 
Investigating the socio-economic condition of the study area required interviewing the 
residents in the region to explore the demographic, economic, and hydrologic aspects, as can 
be seen from Figure 5.8. A questionnaire was developed for that and the interviews took 
place during the first field trip to the region in May 2010. The interviews targeted the 
households of the villages located upstream, middle, and downstream the Wadis watersheds. 
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Figure ‎5.8 The investigated aspects for the socio-economic study in the study area (in 2010) 
(Source: Author) 
 
5.4.2.1 Localization of the settlements 
Defining the villages to be visited was a difficult task as there was no information or maps 
that define precisely the location of the villages or even the route to reach them. The 
information obtained from Khartoum North District showed that the villages in the region 
belong to two localities, i.e. El Seleit and El Gaili. However, the information was 
cumulatively analyzed in the sense that the villages were region-wise aggregated due to the 
small size and spatial distribution of them within the Wadis watersheds. The health section in 
El Seleit locality has a fine resolution data for the individual villages; the mission of the 
Combating Malaria office requires the continuous contact and frequent visits to the villages. 
Guided visits to the scattered villages were undertaken, where the geographical coordinates 
of each village was recorded using a Geographic Positioning System (GPS). Prior to that, a 
preliminary map was created from Google Earth Map, where all the settlements within the 
boundary of the study area were located; consequently, an approximated number of the 
villages and the route to them were defined. The GPS location coordinate points were then 
given and viewed in Google Earth. Eventually, a data base and a map were created in 
ArcMap; it included the name and location of each village. 
Questionaire
Socio-economic Analysis
Demographic 
Data
Willingness 
of 
Participation 
in WH 
Projects
Existing 
Water 
Sources
Economic 
Activity
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5.4.2.2 The questionnaire 
The questionnaire was developed to interview the households in the region. Four main 
categories were investigated, i.e. social aspects, economic activity, water sources, and the 
people willingness to participate in the water harvesting projects. As it can be seen from the 
questionnaire objectives (Annex C-II), the socio-economic part investigated the number of 
people per household, their age, and education level. Furthermore, the income source, the 
average monthly income, family assets, and economic practice were explored. Regarding the 
second category, the water source and quality, the daily water demand, and the responsibility 
of water provision were questioned. The third and last category was designed to explore the 
familiarity of people with the water harvesting concept in the region. On the other hand, it 
explored the interest of developing water harvesting projects and how far the people are 
willing to take part in these projects. Ultimately, Excel sheet was used for the analysis of the 
interviews.  
5.4.3 Specification of Potential Water Harvesting Sites and Systems 
The considered criteria to determine the potential water harvesting sites and systems included 
the geophysical characteristics of the area, the location of the villages, the traditional water 
harvesting systems in use, and the socio-economic situation. Emphasis was given to the 
upstream area of the Wadis watershed due to the severe water problem during the dry period. 
5.4.3.1 Geophysical data preparation 
Examining the geophysical characteristics of the study area required investigating the 
topography, soil, geology, hydrogeology, and the vegetation cover of the region. Thus, the 
Land Use Map of Khartoum State (2000) and Land Use Map of Khartoum State – 
Explanatory report (2000) were used for this purpose; the soil, vegetation, geological, and 
hydrogeological maps were digitized in ArcMap. The attributes of each map (Table 5.3 – 5.6) 
provided by the Land Use Map of Khartoum State – Explanatory report (2000) were used to 
prepare the attribute tables; then after, the area that corresponds to each attribute for the 
individual map was calculated. 
The topography of the study area was investigated by calculating the slope of the Wadis 
watershed area using the SRTM 90 m DEM.  To define the slope classes of the study area, 
the previously derived slope map form the SRTM 90 m DEM was used in ArcMap. The slope 
was classified according to the Integrated Mission for Sustainable Development (IMSD) 
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guidelines of the Indian National Remote Sensing Agency (IMSD, 1995; in Ramakrishnan et 
al., 2009). Consequently, six slope classes were derived manually to match the IMSD 
guidelines; i.e. 0-1% (nearly level), 1-3% (very gentle), 3-5% (gentle), 5-10% (moderate), 10-
15% (strong), 15-35% (moderately steep – steep), > 35% (very steep). 
 
Table ‎5.3 Soil attributes of the study area  
 
No. Soil Class 
Series 
Name 
Geomorphic 
Unit 
Topography Description 
1 
Plains 
formed on 
Nubian 
Sand 
Stone 
 
Dissected 
Plateau 
(25) 
Piedmant and 
Pediments 
Undulating 
Yellowish red and reddish 
brown. Sandy loam to clay 
loam; slightly acidic to 
neutral; non sodic; none 
saline; variable depths (deep, 
moderately deep, shallow) 
and mixed with gravels. 
2 
Series 
(66) 
Coalescence 
Alluvial fans 
Almost flat 
on lower 
positions 
Dark brown to brown; and 
dark yellowish brown; sandy 
loam to clay loam; slightly 
acidic to neutral; none saline 
and none sodic; variable 
depths (deep, moderately 
deep, shallow) and mixed 
with gravels. 
3 
Id Babiker 
(63) 
Broad plain 
formed on 
Nubian 
Sandstone 
Almost flat 
with very 
gentle slopes 
Dark reddish brown; sandy 
clay loam; well drained, 
non-calcareous; non-saline; 
and non-sodic; low natural 
fertility 
4 
Plains 
formed on 
Basement 
Complex 
 
Melkeit 
(65) 
Old alluvial 
plains on 
granite 
Gently 
sloping 
Dark brown to brown; to 
dark yellowish brown; on 
dark gray; clay loam to clay; 
deep; moderately well 
drained; non-saline and 
moderately sodic; alkaline; 
gypsum at lower depths. 
5 
Series 
(27) 
Granite Hills Steep slopes No Soils 
6 
 
Old 
Alluvial 
Fans of 
the Blue 
Nile 
 
BageirL’a
ota 
Complex 
 (40) 
Clay plain 
and paleo 
channels of 
the Blue Nile 
(alluvial fans) 
Almost flat to 
slightly 
undulating 
Dark brown; on dark gray; 
sandy clay loam; deep; 
imperfectly drained; highly 
saline and highly sodic; 
calcareous; Loata series is 
dark reddish brown on dark 
gray; sand clay loam on 
sandy loam; moderately well 
drained; calcareous; none 
saline and none sodic. 
Source: Land Use Map of Khartoum State (2000) 
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Table 5.3 (Continued) 
 
 
 
 
 
 
 
 
No. Soil Class 
Series 
Name 
Geomorphic 
Unit 
Topography Description 
7 
Recent 
alluvial 
deposits of 
the Blue 
Nile and 
River Nile 
Eseilat 
(41) 
Intermediate 
position 
between 
recent 
terrace and 
higher 
terrace 
Level 
smooth and 
slightly 
concave site 
Dark grayish brown; clay; 
deep; moderately well 
drained; calcareous; none 
saline; sodic in the subsoil; 
gypsum observed at lower 
horizons. 
8 
Old 
alluvial 
deposits of 
the Blue 
Nile and 
River Nile 
 
Kuku  
(46) 
Old higher 
terraces of 
the Nile 
Almost flat 
on lower 
position 
Dark brown; clay; deep; 
imperfectly drained; 
moderately alkaline; none 
saline at the top soil but 
moderately saline at the 
subsoil; highly sodic; highly 
calcareous. 
9 
Kuku 
affected 
with 
Gravel 
(47) 
Old higher 
terraces of 
the Nile 
Almost flat 
with gravel 
on the 
surface 
Dark brown; clay; deep; 
imperfectly drained; gravels 
on the surface; less salinity 
and sodicity than kuku series. 
10 
Kadaro 
(45) 
Kariema, 
Kuku, 
Kadaru 
Complex 
Almost flat 
to slightly 
undulating 
Dark brown to brown;sandy 
clay loam; deep; moderately 
well drained; moderate to 
high sodicity; moderately 
saline; calcareous; gypsum 
lower depths. 
11 
Wadi’s   
alluvial 
 
Muwala 
(54) 
Broad wadis 
bottom 
Almost flat 
on lower 
position 
Dark brown to brown; sandy 
clay loam; deep; moderately 
well drained; highly sodic; 
moderately saline; slightly 
calcareous. 
12 
Broad 
wadis 
(57) 
Broad wadis 
Bottoms 
Almost flat 
on concave 
positions 
and sloping 
Dark brown to brown; and 
dark yellowish brown; 
variable texture of sandy clay 
loam, sandy loam, clay loam, 
clay; non to calcareous; 
neutral in reaction; non to 
saline; and non to sodic. 
Source: Land Use Map of Khartoum State (2000) 
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Table ‎5.4 Surface geological classes and units of the study area 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
No. 
 
Surface 
Geological Units 
Geological 
Class 
Description 
1 
Superficial 
deposits 
 
Aeolian  
dunes 
Windblown sands forming sand dunes and sand 
sheets of medium to fine grains of yellow to 
brown in color. Usually very thin in thickness 
underline by relatively thick layer of gravel. In 
most of the area, the superficial deposits 
underlain by the Nubian Sandstone aquifer, 
particularly in the eastern part of the state. 
2 Recent deposits Mainly silt stone and micaceous sands 
3 Older Alluvium 
Found in the old terraces and distributed 
channels. 
4 Nubian 
Sandstone 
formation 
 
Nubian 
Formation 
Outcropping on the surface or underlying a thin 
layer of relatively recent or young formation. It 
consists of sandstone, conglomerates, and 
mudstone. 
5 
Ferruginous 
Sand Stone 
Coarse to medium, poorly to moderately 
cemented and ill sorted. Mainly occurs as beds 
capping the hills of Nubian Sandstone. 
6  
Basement 
Complex 
 
Gneisses and 
migmatites 
The basement Complex is the oldest formation 
in the country (percambrian to Cambrian in 
age). It forms the base or the bedrock. The 
outcrops are found at shallow depth. 7 
Syntectonic 
granites and 
migmatites 
8 
Gezira 
Formation 
Upper clay 
member 
Dark clay to brown clay and silt, sometimes 
sandy and gravelly kanker (CaCO3) horizons 
also exist. 
Sandy member 
Sand with interfingering silt and clay lenses, 
occasionally gravel and Kanker (CaCO3). 
Source: Land Use Map of Khartoum State (2000) 
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Table ‎5.5 Hydrogeological characteristics of the study area 
 
No. Hydrogeological Units Description 
1 
A1: Water Bearing 
Formation 
 
 
Nubian Sandstone Aquifer: Saturated 
thickness depends on configuration of 
Basement Complex rocks ((0-50 m) Elsilitat, 
(10-60 m) Saggai).  
2 
 
C2: None Water Bearing 
Formation 
 
Represents the Basement Complex; 
impermeable; limits the aquiferous 
sedimentary basin, where tectonic activities 
exist (folding, faulting, fracturing). The 
formation represent a basin of secondary 
porosity; water of low quality except where 
direct recharge from the Nile takes place. 
Source: Land Use Map of Khartoum State (2000) 
 
Table ‎5.6Vegetation cover characteristics of the study area 
 
No. Vegetation type Description 
1 
Acacia tortilis_maerua, 
crassifolia desert Scrub 
Poor (<50% ground cover or heavily grazed) 
2 
Good (50-75% ground cover; not heavily 
grazed) 
3 Nile Vegetation - 
Source: Land Use Map of Khartoum State (2000) 
 
5.4.3.2 Determination of the potential sites 
To define the potential suitable areas for water harvesting with consideration to the 
geophysical characteristics of the study area, the digitized soil, geology, hydrogeology, and 
the vegetation cover maps were processed in ArcMap. Applying the Spatial Analysis Tools in 
ArcMap, a polygon that covers the Wadis watersheds was used to clip the maps; which were 
then after united in one map. The new map is made of polygons with joint soil, geology, 
hydrogeology, and vegetation attributes, which further processed applying the Selection by 
Attribute Tool; an array of options was developed and examined by this tool to select the 
potential sites for water harvesting. This process resulted in a new map of the potential water 
harvesting sites. A visit for ground check was undertaken during the last field trip to the study 
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area beginning of the year 2012. The shapefiles representing the derived potential water 
harvesting sites were loaded to a computer navigation program; the area was toured and 
waypoints were registered where the landscape or feature changed.   
5.4.3.3 Selection of the potential water harvesting systems 
The selection of the potential water harvesting systems in the study area was depended on 
some factors, which is considered to be vital for planning successful projects for water 
provision in the region: existing water harvesting systems in practice; the spatial distribution 
of the settlement and the water supply sources; the purposes of water harvesting in the region; 
the socio-economic condition of the settlement; and the characteristics of the potential water 
harvesting sites specified in this research study. All these factors were investigated in Section 
5.4.2 except the last parameter, which is investigated in the previous section. 
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5.5 Results and Discussion 
5.5.1 Hydrological Characteristics of the Study Area 
5.5.1.1 Wadis Geomorphology  
Topography 
Figure (5.9) below shows the processed SRTM 90 m DEM in ArcMap where the elevation in 
the study area ranges from 368 m at the River Nile up to 552 m (a. s. l.) to the northeastern 
part of the area. The processed DEM shows the terrain of the area where the broadness and 
shallowness of the ephemeral streams and the scattered cropouts are clearly to be 
distinguished. As Figure (5.10) shows, the slope of the study area ranges from 0 – 23% and 
the mean slope is 1%.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure ‎5.9Elevation of the study area derived from the STRM 90 m DEM. 
(Source: Author own results) 
 
Water Harvesting for Integrated Water Resources Management and Sustainable Development in Khartoum State – RuralPart 
 
104  
 
 
Figure ‎5.10 Slope of the study area in percentage derived from the STRM 90 m DEM 
(Source: Author own results) 
 
Wadis watershed and stream network 
As elaborately been described at the methodology part, the DEM was used for delineating the 
Wadis watersheds and their stream networks. The drainage pattern of the Wadis shows dens 
small streams upstream and a very shallow broad stream at the downstream. Overlapping the 
extracted stream network and the topography map of the Land Use Map of Khartoum State 
showed sound fitting (Figure 5.11); same result is gained when the stream network overlaid 
in Google Earth Map. This demonstrates the good quality of the SRTM 90 DEM for 
investigating the hydrological characteristics of the study area. 
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Figure ‎5.11Comparison of the extracted streams network and Wadis terrain features 
(Source: Author own results; Map: Land Use Map of Khartoum State (2000)) 
 
The computed Wadi watersheds and subwatersheds are presented in Figure (5.12); it can be 
seen that Wadi El Kanagr is the largest one with an area of 540 km
2
; then followed by Wadi 
El Seleit that extends on an area of 344 km
2
. Wadi El Kabbashi is the smallest one with an 
area of only 42 km
2
. 
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 Figure ‎5.12 The delineated Wadi watersheds of the study area using ArcMap 
(Source: Author own results; Map: Land Use Map of Khartoum State (2000)) 
 
5.5.1.2 Potential runoff 
Curve Number (CN)  
Figure 5.13 shows the digitized soil map of the study area and the soil series within the Wadis 
watershed. About 12 series constitute the study area watershed. These series belong to six soil 
classes ranging from derived plains on the Basement Complex and the Nubian Sandstone to 
the old and recent alluvial of the Niles. 
Water Harvesting for Integrated Water Resources Management and Sustainable Development in Khartoum State – RuralPart 
 
107  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure ‎5.13 Soil classes and types of the study area 
(Source: Author own results; Map: Land Use Map of Khartoum State (2000)) 
 
Four major soil classes of the Soil Map of the World cover the study area, i.e. Luvisols. 
Cambisols, Leptosols, Fluvisols. They are represented by five soil units as shown in (Figure 
5.14).  
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Figure ‎5.14 Soil units of the study area according to FAO/UNESCO Soil Map of the World 
(Source: Author own results; Map: FAO/UNESCO Soil Map of the World (2007)) 
 
The intersection of the soil map with the Soil Map of the World resulted in a new map. As it 
can be seen from Figure 5.15 and Table 5.7, the local and global soil texture within the 
watersheds were extracted for the different polygons. It is found that the soil texture in the 
study area is of clay, clay loam, sandy clay loam, and sandy loam; in both the national and 
global classification. 
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 Figure ‎5.15 National and global soil texture map 
(Source: Author own results) 
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Table ‎5.7 Study area national soil series and global soil units attributes association 
 
 
No. 
Series 
Name 
Soil Class Texture 
Global Soil Classification* Characteristics 
Major Soil Group 
Soil 
Unit 
Horizon 
Depth 
(cm) 
Clay Silt Sand Texture** 
1 Melkeit 
Plains 
derived from 
Basement 
Complex 
 
clay loam to 
clay 
Luvisols (LV) 
(accumulation of clay) 
LVx 
H1 16 32 24 44 Clay loam 
H2 29 44 22 34 Clay 
H3 55 40 28 32 Clay 
Cambisols (CM) 
(color, structure, 
consistence change) 
CMc 
H1 7 32 24 44 Clay loam 
H2 11 34 18 48 Sandy clay loam 
H3 82 42 18 40 Clay 
2 
Series 
(66) 
Plains of 
Nubian Sand 
Stone 
 
sandy loam to 
clay loam 
Luvisols (LV) 
(accumulation of clay) 
LVx 
H1 16 32 24 44 Clay loam 
H2 29 44 22 34 Clay 
H3 55 40 28 32 Clay 
Cambisols (CM) 
(color, structure, 
consistence change) 
CMc 
H1 7 32 24 44 Clay loam 
H2 11 34 18 48 Sandy clay loam 
H3 82 42 18 40 Clay 
3 
 
Dissecte
d 
Plateau 
Plains of 
Nubian Sand 
Stone 
Sandy loam to 
clay loam 
Luvisols (LV) 
(accumulation of clay) 
LVx 
H1 16 32 24 44 Clay loam 
H2 29 44 22 34 Clay 
H3 55 40 28 32 Clay 
Fluvisols (FL) 
(alluvial deposits) 
FLe 
H1 24 34 24 42 Clay Loam 
H2 9 38 22 40 Clay Loam 
H3 19 12 10 78 Sandy Loam 
Leptosols (LP) 
(weakly developed shallow 
soils) 
LPq H1 100 57 11 32 Clay 
4 
Broad 
Wadis 
Wadi fill 
deposits 
 
sandy clay 
loam, sandy 
loam, clay 
loam, clay 
Luvisols (LV) 
(accumulation of clay) 
LVx 
H1 16 32 24 44 Clay loam 
H2 29 44 22 34 Clay 
H3 55 40 28 32 Clay 
Cambisols (CM) 
(color, structure, 
consistence change) 
CMc 
H1 7 32 24 44 Clay loam 
H2 11 34 18 48 Sandy clay loam 
H3 82 42 18 40 Clay 
(Author own results)   * FAO/UNESCO Soil Map of the World  (2007)       * The texture was calculated using the online NRCS soil texture calculator  
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Table 5.7 (Continued) 
No. Series Name Soil Class Texture 
Global Soil Classification* Characteristics 
Major Soil Group Soil Unit Horizon Depth (cm) Clay Silt Sand Texture** 
5 
 
Id Babiker 
Plains of 
Nubian Sand 
Stone 
sandy clay 
loam 
Luvisols (LV) 
(accumulation of clay) 
LVx 
H1 16 32 24 44 Clay loam 
H2 29 44 22 34 Clay 
H3 55 40 28 32 Clay 
Fluvisols (FL) 
(alluvial deposits) 
FLe 
H1 24 34 24 42 Clay Loam 
H2 9 38 22 40 Clay Loam 
H3 19 12 10 78 Sandy Loam 
Cambisols (CM) 
(color, structure, 
consistence change) 
CMc 
H1 7 32 24 44 Clay loam 
H2 11 34 18 48 Sandy clay loam 
H3 82 42 18 40 Clay 
6 Muwala 
Wadi fill 
deposits 
 
sandy clay 
loam 
Luvisols (LV) 
(accumulation of clay) 
LVx 
H1 16 32 24 44 Clay loam 
H2 29 44 22 34 Clay 
H3 55 40 28 32 Clay 
Fluvisols (FL) 
(alluvial deposits) 
FLe 
H1 24 34 24 42 Clay Loam 
H2 9 38 22 40 Clay Loam 
H3 19 12 10 78 Sandy Loam 
7 Kuku 
Old deposits 
of the Blue 
Nile and River 
Nile 
 
clay 
Luvisols (LV) 
(accumulation of clay) 
LVx 
H1 16 32 24 44 Clay loam 
H2 29 44 22 34 Clay 
H3 55 40 28 32 Clay 
Luvisols (LV) 
(accumulation of clay) 
LVh 
H1 20 40 26 34 Clay 
H2 20 62 12 26 Clay 
H3 22 62 12 26 Clay 
Cambisols (CM) 
(color, structure, 
consistence change) 
CMc 
H1 7 32 24 44 Clay loam 
H2 11 34 18 48 Sandy clay loam 
H3 82 42 18 40 Clay 
8 Kadaro 
Old deposits 
of the Blue 
Nile and River 
Nile 
 
sandy clay 
loam 
Luvisols (LV) 
(accumulation of clay) 
LVh 
H1 20 40 26 34 Clay 
H2 20 62 12 26 Clay 
H3 22 62 12 26 Clay 
(Author own results)   * FAO/UNESCO Soil Map of the World  (2007)       * The texture was calculated using the online NRCS soil texture calculator  
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Table 5.7 (Continued)
No. 
Series 
Name 
Soil Class Texture 
Global Soil Classification* Characteristics 
Major Soil Group 
Soil 
Unit 
Horizon 
Depth 
(cm) 
Clay Silt Sand Texture** 
9 
 
Kuku 
affected 
with 
gravel 
Old 
deposits of 
the Blue 
Nile and 
River Nile 
 
clay 
Luvisols (LV) 
(accumulation of clay) 
LVx 
H1 16 32 24 44 Clay loam 
H2 29 44 22 34 Clay 
H3 55 40 28 32 Clay 
Fluvisols (FL) 
(alluvial deposits) 
FLe 
H1 24 34 24 42 Clay Loam 
H2 9 38 22 40 Clay Loam 
H3 19 12 10 78 Sandy Loam 
Cambisols (CM) 
(color, structure, consistence 
change) 
CMc 
H1 7 32 24 44 Clay loam 
H2 11 34 18 48 Sandy clay loam 
H3 82 42 18 40 Clay 
10 
BageirL’
aota 
complex 
Old 
Alluvial 
Fans of the 
Blue Nile 
 
sandy clay 
loam 
Luvisols (LV) 
(accumulation of clay) 
LVh 
H1 20 40 26 34 Clay 
H2 20 62 12 26 Clay 
H3 22 62 12 26 Clay 
Cambisols (CM) 
(color, structure, consistence 
change) 
CMc 
H1 7 32 24 44 Clay loam 
H2 11 34 18 48 Sandy clay loam 
H3 82 42 18 40 Clay 
11 Eseilat 
Recent 
deposits of 
the Blue 
Nile and 
River Nile 
clay 
Luvisols (LV) 
(accumulation of clay) 
LVx 
H1 16 32 24 44 Clay loam 
H2 29 44 22 34 Clay 
H3 55 40 28 32 Clay 
Luvisols (LV) 
(accumulation of clay) 
LVh 
H1 20 40 26 34 Clay 
H2 20 62 12 26 Clay 
H3 22 62 12 26 Clay 
Cambisols (CM) 
(color, structure, consistence 
change) 
CMc 
H1 7 32 24 44 Clay loam 
H2 11 34 18 48 Sandy clay loam 
H3 82 42 18 40 Clay 
12 
Series 
(27) 
Plains 
derived 
from 
Basement 
Complex 
No Soils 
Leptosols (LP) 
(weakly developed shallow 
soils) 
LPq H1 100 57 11 32 Clay 
(Author own results)   * FAO/UNESCO Soil Map of the World  (2007)       * The texture was calculated using the online NRCS soil texture calculator  
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Therefore, the hydrologic soil groups became confined to type C and D, which are of 
moderately high and high runoff potential, respectively, as per (Annex C-I) (Figure 5.16). 
Not only the soil types in the region that contributes to this potential, but the formation of the 
crust layer also has its role in the high runoff generation. Figure 5.17 shows photos being 
taken during the field investigation, where a crust layer was observed in different parts of the 
watersheds.  
 
Figure ‎5.16 Distribution of CN for different soil types and HSG 
(Source: Author own results; Map: Land Use Map of Khartoum State (2000))  
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Figure ‎5.17 Crust layer broken by animal hooves 
(Photo: Author, Field trip (March 2012)) 
 
Land use investigation for the area obviously showed that the majority of the area is of bare 
ground with exception to scattered vegetation. The natural vegetation cover is sparse and 
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made of bushes and trees, mainly Acacia tortilis. Agricultural activity in the area is practiced 
only in the Nile flood plain downstream the Wadis. There is no planned settlement in the 
region; small houses are stretched out within the watershed. Therefore, the land use in the 
study area, as Figure 5.18 shows, is said to be limited to range land for both conditions poor 
and good as per the classification of the NRCS method. Good condition is considered for the 
area falling within the Wadi alluvial due to the relatively dense vegetation cover compared to 
the rest of the watershed. This part is considered having poor condition characteristics, since 
it is mostly of bare soil and very scattered vegetation.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure ‎5.18 Land use classification of the study area 
(Source: Author own results; Map: Land Use Map of Khartoum State (2000)) 
 
The intersection of the land use map and the soil-CN map resulted in Figure 5.19where CN 
values correspond to specific land use and HSG. Range land with good condition has a 
moderate high runoff potential with a CN value that allows about 26% transmission 
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losses.For range land with poor condition, two CN values of 86 and 89% for HSG type C and 
D, respectively, give high runoff potential for the area. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure ‎5.19 Curve number distribution within the study area watersheds 
(Source: Author own results; Map: Land Use Map of Khartoum State (2000)) 
 
The weighted CN value for the total Wadis watersheds area is illustrated in Table 5.8; Wadi 
El Kangar and Wadi El Seleit have a weighted CN value of 86% while Wadi El Kabbashi has 
a value of 88%. These values correspond to high runoff potential; however, for Wadi El 
Kabbashi, such value indicates a significant flash flood hazard due to the small watershed 
size in comparison to its neighboring watersheds.  
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Table‎5.8The weighted CN values for the Wadis watersheds 
 
 
CN values for the dry, moderate, and wet antecedent moisture condition of the soil are 
presented in Table 5.9 together with the corresponding maximum retention (S) and the initial 
losses values (ℐa). These values are considered for the whole watershed area, as the CN for 
the soil moderate condition was weighted considering the total area of each Wadi watershed. 
Thus, all related values are considered to be weighted ones and subject to change according 
to the selected area within the watershed. 
 
 
 
 
 
 
 
No 
Wadi 
Watershed 
Land Use and 
hydrologic 
condition 
HSG 
Area 
(m
2
) 
Area 
percentage 
of the total 
area 
CN 
(%) 
Weighted 
CN (%) 
1 El Kangar 
Range Land 
Poor Condition 
C 387786663 72 86 6169 
Range Land 
Poor Condition 
D 110897077 20 89 1826 
Range Land 
Good Condition 
C 41936209 8 74 574 
Total 
 
540619949 100 
 
86 
2 El Seleit 
Range Land 
Poor Condition 
C 245425142 71 86 6132 
Range Land 
Poor Condition 
D 89440295 26 89 2313 
Range Land 
Good Condition 
C 9345524 3 74 201 
Total 
 
344210962 100 
 
86 
3 El Kabbashi 
Range Land 
Poor Condition 
C 13691017 32 86 2791 
Range Land 
Poor Condition 
D 28488833 68 89 6011 
Total 
 
42179850 100 
 
88 
(Source: Author own results) 
Water Harvesting for Integrated Water Resources Management and Sustainable Development in Khartoum State – RuralPart 
 
118  
 
Table ‎5.9 Curve numbers and initial losses values according to the soil AMC classes 
 
Runoff computation 
The application of the curve number and initial losses from Table 5.9 above in equation 4.3 
resulted in the potential runoff for the selected rainfall events. Only rainfall magnitudes that 
exceed the initial losses (ℐa), which correspond to AMC classes, were considered in the 
potential runoff calculation. Figure 5.20 shows the annual runoff potential depth for the Wadi 
El Kangar, Wadi El Seleit, and Wadi El Kabbashi. As been mentioned in previous sections, 
the year 1988 was an exceptional wet year; therefore, it has been excluded from the graph to 
avoid the distortion it creates. A potential of 225.6 and 244.3 mm runoff has resulted from a 
446.9 mm rainfall depth for both Wadi El Kangar and El Seleit Wadis and Wadi El Kabbashi, 
respectively, in that year.The graph shows the increased frequency of the years with runoff 
generation, i.e. 1992, 1994, 1996, 1998, 2002, 2003, 2005, 2006, 2007, and 2009. Some of 
these years were associated with destructive flash floods, e.g. 1994, 1998, 2001, 2003, 2006, 
and 2009.The classification of the rain events with respect to the AMC has demonstrated the 
importance of considering the soil moisture condition when calculating runoff for permeable 
surfaces. For example, the total annual rainfall of the year 2009 is less than that for the years 
1996 and 2003, which are 146, 171, and 163.3 mm, respectively; however, the runoff depth 
produced is 18.4, 7.7, and 7.4 mm for Wadi El Kangar and Wadi El Seleit and 22.6, 10.8, and 
10.4 mm for Wadi El Kabbashi, respectively. This is due to the observation that the number 
No 
Wadi 
Watershed 
AMC 
Class 
Curve Number 
(CN) in (%) 
Maximum Retention 
(S) in mm 
Initial Losses 
(𝓘a)* in mm 
1 
El Kangar 
AMCI 73 94 19 
2 AMCII 86 41 8 
3 AMCIII 93 19 4 
4 
El Seleit 
AMCI 73 94 19 
5 AMCII 86 41 8 
6 AMCIII 93 19 4 
7 
El Kabbashi 
AMCI 76 80 16 
8 AMCII 88 35 7 
9 AMCIII 94 16 3 
∗ 𝓘a= 0.2 S 
(Source: Author own results) 
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of rainfall events falling within AMC III soil condition was more than that for the years 1996 
and 2003. Yet, runoff generation could be related to the intensity of the rain events; since 
most of the rain storms in the region fall within the AMC I condition where the initial losses 
are considerably higher than for the AMCII and AMCIII; nevertheless, considerable runoff 
was generated, for instance the years 1992, 1996, and 2003. High intensity rainfall 
encourages crust formation leading to high runoff coefficient and consequently high runoff 
production. 
 
 
 
Figure ‎5.20 Annual rainfall and potential runoff depth for the study area Wadis 
(Source: Author own results; Daily rainfall data: Sudan Meteorological Authority, Shambat Station) 
 
Table 5.10shows the annual rainfall and the potential runoff depth in (mm). Considering the 
Wadis watershed areas the annual potential runoff in million m
3
 for the study area Wadis is 
additionally presented. The table shows that runoff is generated even in some years with 
below average annual rainfall; for instance 69.8, 98.9, and 51.4 mm rainfall produced for 
Wadi El Kangar a potential runoff of 2.3, 2.0, and 1.5 millionm
3
 for the years 1992, 2002, 
and 2004, respectively. Yet, other years have produced less or no runoff, e.g. 1995, 2008, 
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2010, and 2011,where rainfall of 89.5, 95.2, 80.5, and 42.7 mm has resulted in 0.1, 0.8, 0.8, 
and 0.1 million m
3
 for the same Wadi watershed. 
Table ‎5.10 Annual potential runoff volume for the study area Wadis in million m3 
 
Taking the years 1992 and 2003 as representative years of below and above annual average 
rainfall, the total annual runoff for the year 1992was produced from one rain event (41.0 mm) 
out of 12 events, while that for the year 2003 was the sum of three rain events of 23.8, 22.6, 
and 48.1 mm out of 23 events. All four events have fallen within dry soil condition (AMCI). 
Therefore, and since the annual rainfall is represented by a few rainfall events, it wroth 
Year 
Annual 
Rainfall 
(mm) 
Wadi El Kabbashi Annual 
Potential Runoff 
Wadi El Kangar and El Seleit Annual 
Potential Runoff 
(mm) (106 m3) (mm) 
El Kangar 
(106 m3) 
El Seleit 
(106 m3) 
1988 446.9 244.3 10.3 225.6 121.8 77.6 
1989 39.9 0.9 0.0 0.4 0.2 0.1 
1990 6.4 0.0 0.0 0.0 0.0 0.0 
1991 18.5 0.0 0.0 0.0 0.0 0.0 
1992 69.8 6.0 0.3 4.2 2.3 1.5 
1993 30.6 0.2 0.0 0.0 0.0 0.0 
1994 196.7 53.2 2.2 47.0 25.4 16.2 
1995 89.5 0.4 0.0 0.2 0.1 0.1 
1996 171.0 10.8 0.5 7.7 4.2 2.7 
1997 123.8 7.8 0.3 4.7 2.6 1.6 
1998 130.9 11.1 0.5 7.5 4.1 2.6 
1999 123.9 2.5 0.1 1.2 0.6 0.4 
2000 25.9 0.0 0.0 0.0 0.0 0.0 
2001 127.8 4.3 0.2 2.5 1.4 0.9 
2002 98.9 5.9 0.2 3.8 2.0 1.3 
2003 163.6 10.4 0.4 7.4 4.0 2.5 
2004 51.4 4.1 0.2 2.8 1.5 0.9 
2005 105.5 7.2 0.3 4.9 2.7 1.7 
2006 148.1 10.0 0.4 6.4 3.5 2.2 
2007 128.9 4.1 0.2 2.4 1.3 0.8 
2008 95.2 2.5 0.1 1.4 0.8 0.5 
2009 146.0 22.6 1.0 18.4 9.9 6.3 
2010 80.5 2.5 0.1 1.5 0.8 0.5 
2011 42.7 0.4 0.0 0.1 0.1 0.0 
Wadi watershed area in km
2
:                   El Kabbashi: 42                       El Kangar: 540   El Seleit: 344 
(Source: Author own results) 
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presenting the rainfall events and the potential runoff that could be generated with 
consideration to the soil AMC as illustrated in Table 5.11 for AMCIII, AMCII, and AMCI. It 
is observed from the data that rainy seasons with many rain events within the dry soil 
condition (AMCI) are common. This is because the rain events are usually scattered within 
the season, necessitating the fulfillment of the initial losses with every succeeding rain event; 
however, a considerable potential runoff was produced, e.g. the year 2003. It is noticed that 
the flash flood hazard was associated with years with not only intensive rain events, but also 
the time interval between the rain events was small if not zero, e.g. the years 1994 and 2009.   
 
Table ‎5.11 Potential runoff of individual rain events and AMC 
 
No. 
Rainfall 
(mm) 
AMC 
Wadi El Kabbashi 
Potential Runoff 
Wadi El Kangar and El Seleit Potential 
Runoff 
(mm) ( m3) (mm) 
El Kangar 
( m3) 
El Seleit 
( m3) 
1 147.5 
AMC III 
 
130.1 5464200 126.8 68472000 43619200 
2 58.8 43.4 1822800 40.8 22032000 14035200 
3 41.9 27.6 1159200 25.3 13662000 8703200 
4 28 15.2 638400 13.5 7290000 4644000 
5 26.5 14.0 588000 12.3 6642000 4231200 
6 17.2 6.7 281400 5.5 2970000 1892000 
7 14 4.5 189000 3.5 1890000 1204000 
8 12.2 3.4 142800 2.5 1350000 860000 
9 9.2 1.7 71400 1.2 648000 412800 
10 8.5 1.4 58800 0.9 486000 309600 
11 7.3 0.9 37800 0.5 270000 172000 
12 6.5 0.6 25200 0.3 162000 103200 
13 5 0.2 8400 0.1 54000 34400 
14 4.8 0.2 8400 0.0 0.0 0.0 
15 4.4 0.1 4200 0.0 0.0 0.0 
16 38.9 
AMC II 
 
15.2 638400 13.0 7020000 4472000 
17 36.9 13.8 579600 11.7 6318000 4024800 
18 28.2 8.0 336000 6.5 3510000 2236000 
19 17.6 2.5 105000 1.7 918000 584800 
20 11.8 0.6 25200 0.3 162000 103200 
21 11 0.4 16800 0.2 108000 68800 
22 9.5 0.2 8400 0.0 0.0 0.0 
23 9.1 0.1 4200 0.0 0.0 0.0 
Wadi watershed area in km
2
:                El Kabbashi: 42                                 El Kangar: 540   El Seleit: 344 
(Source: Author own results) 
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Table ‎5.11 (Continued) 
No. 
 
Rainfall 
(mm) 
AMC 
Wadi El Kabbashi 
Potential Runoff 
Wadi El Kangar and El Seleit Potential 
Runoff 
(mm) ( m
3
) (mm) El Kangar( m
3
) El Seleit( m
3
) 
1 78 
AMCI 
 
27.1 1138200 22.9 12366000 7877600 
2 51 10.7 449400 8.2 4428000 2820800 
3 48.1 9.2 386400 7.0 3780000 2408000 
4 42 6.4 268800 4.6 2484000 1582400 
5 41 6.0 252000 4.2 2268000 1444800 
6 38.6 5.0 210000 3.5 1890000 1204000 
7 38.2 4.8 201600 3.3 1782000 1135200 
8 38 4.7 197400 3.3 1782000 1135200 
9 36.3 4.1 172200 2.8 1512000 963200 
10 35.4 3.8 159600 2.5 1350000 860000 
11 35.3 3.8 159600 2.5 1350000 860000 
12 34.4 3.4 142800 2.2 1188000 756800 
13 34 3.3 138600 2.1 1134000 722400 
14 33.2 3.0 126000 1.9 1026000 653600 
15 31.3 2.5 105000 1.5 810000 516000 
16 31.2 2.4 100800 1.4 756000 481600 
17 31 2.4 100800 1.4 756000 481600 
18 29 1.8 75600 1.0 540000 344000 
19 27.5 1.4 58800 0.7 378000 240800 
20 26.9 1.3 54600 0.6 324000 206400 
21 26 1.1 46200 0.5 270000 172000 
22 25.8 1.1 46200 0.5 270000 172000 
23 25.2 0.9 37800 0.4 216000 137600 
24 24.8 0.9 37800 0.4 216000 137600 
25 24.4 0.8 33600 0.3 162000 103200 
26 23.8 0.7 29400 0.3 162000 103200 
27 23.7 0.7 29400 0.2 108000 68800 
28 23.6 0.7 29400 0.2 108000 68800 
29 22.7 0.5 21000 0.2 108000 68800 
30 22.6 0.5 21000 0.1 54000 34400 
31 22 0.4 16800 0.1 54000 34400 
32 19.9 0.2 8400 0.0 0.0 0.0 
33 19.4 0.1 5822 0.0 0.0 0.0 
34 18.4 0.1 2936 0.0 0.0 0.0 
35 18.3 0.1 2700 0.0 0.0 0.0 
Wadi watershed area in  km
2
:   El Kabbashi: 42               El Kangar: 540  El Seleit: 344 
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Bearing in mind the characteristics of rainfall in the arid and semi-arid regions, scattered in 
time and space, it is necessary to define the rainfall threshold for the different soil moisture 
conditions. This is thought to be for better planning and management of the water harvesting 
systems and watersheds in the study area in situations of limited but intense rain events. The 
rainfall thresholds for AMCI, AMCII and AMCIII condition are found to be respectively 18.3 
mm, 9.1 mm and 4.4 mm for Wadi El Kabbashi and 22 mm, 11 mm and 5 mm for both Wadi 
El Seleit and Wadi El Kangar. Table 5.12 summarizes the minimum rainfall magnitudes 
needed to have a potential of 0.1 × 10
6
 m
3
 and 1.0 × 10
6
 m
3
 runoff with respect to the 
different soil moisture conditions (AMCI, AMCII, AMCII). It can be seen that the rainfall 
value for the AMCI situation is very high representing in many cases 2-3 folds of the values 
for AMCII and MCIII. In fact, AMCII and AMCIII threshold values are considered only 
given that the initial losses are fully satisfied; they are larger than the one for AMCI (Table 
5.9). This can be guaranteed by a rain storm or consecutive low magnitude rain events that 
are greater than the initial losses for AMCII and AMCIII.  
 
Table ‎5.12 Rainfall threshold for runoff production considering the AMC 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Therefore, the values of most significance in this table are those for the AMCI condition; 
from one hand, it represents the rainfall pattern in the region, and from the other hand, it is 
No. Wadi Watershed AMC 
Rainfall Threshold (mm) 
Runoff  
≥ 0.1  × 106 m3 
Runoff  
≥ 1 × 106 m3 
1 El Kangar 
AMCI > 23 ≥ 33 
AMCII > 12 ≥ 17.5 
AMCIII > 6.5 ≥ 12 
2 El Seleit 
AMCI > 23 ≥ 33 
AMCII > 12 ≥ 17.5 
AMCIII > 6.5 ≥ 12 
3 El Kabbashi 
AMCI > 31 ≥ 78 
AMCII > 17 ≥ 50 
AMCIII > 12 ≥ 38 
(Source: Author own results) 
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important for potential water quantification necessary for water harvesting system planning 
and management. 
5.5.1.3 Calibration of runoff results 
For calibrating the runoff results obtained applying the NRCS method in the study area, given 
the absence of measured runoff data, the potential runoff from the subwatershed upstream the 
Kangar Dam was used for this purpose. Therefore, two values for potential runoff volumes 
for the subwatershed were calculated: the first volume is the result of applying the rainfall-
runoff relationship using the NRCS method for the subwatershed area; the second volume is 
obtained by calculating the geometric volume of the dam reservoir.   
Kangar Dam subwatershedpotential runoff - NRCS method 
To define the boundary area of the subwatershed, the outlet point was taken at the location of 
the dam gate. Figure 5.21 shows the Kangar dam subwatershed within Wadi El Kanagr. The 
subwatershed covers an area of 477 km
2
, which represents about 88% of the total Wadi 
watershed. 
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Figure ‎5.21 The subwatershed upstream El Kangar Dam 
(Source: Author own results) 
 
For the CN calculation, the landuse-HSG map for the subwatershed, Figure 5.22, has the 
same characteristics of the whole Wadi. Consequently, same CN values have resulted in a 
similar weighted CN value of 86%. This indicates that the subwatershed represents the whole 
Wadi watershed. Table 5.13 shows the weighted CN value with respect to the area covered 
by the different land use. 
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Figure ‎5.22 CN value with regard to the land use and HSG for Kanagr Dam subwatershed 
(Source: Author own results) 
 
 
Table ‎5.13 The weighted CN values for Kanagr Dam subwatershed 
 
Since the CN value for the subwatershed is the same as that for the whole Wadi, the 
calculated runoff depth from the individual rain events and consequently the annual potential 
depth are of same magnitude. The difference comes when calculating the volume in cubic 
meters; however, the volume calculation is simplified by the multiplication of the potential 
Wadi 
Watershed 
Land Use and 
hydrologic 
condition 
HSG 
Area 
(Km
2
) 
% Area of the 
total area 
CN 
(%) 
Weighted 
CN (%) 
Kangar 
Dam 
Range Land 
Poor Condition 
C 388 81.3 86 6992 
Range Land 
Poor Condition 
D 56 11.7 89 1041 
Range Land 
Good Condition 
C 33 7 74 518 
Total 
 
477 100 
 
86 
(Source: Author own results) 
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runoff volume by the area percentage, as Table 5.14 shows. In this table only the annual 
potential runoff for the years 2005-2010 is presented. 
Table ‎5.14Annual runoff potential for Kanagr Dam Subwatershed (NRCS-CN method) 
 
 
Kangar Dam reservoir volume - geometric 
As explained in the methodology part, the computation of the reservoir water volume for the 
years 2006, 2009, and 2010 required the delineation of the surface area covered by the runoff 
water during these years (Figure5.23). It should be mentioned that Google Earth image of the 
year 2006 was taken in January, a few months after the completion of the dam construction. 
Therefore, it represents the rainy season of the year 2005 where the total annual rainfall was 
105.5 mm with a 42.0 mm rain storm magnitude. Although the reservoir storage at the time 
of the image was zero but the water demarcation was adequately clear to be traced.   
 
 
 
 
 
 
 
 
Year 
Annual 
Rainfall 
(mm) 
Annual Potential Runoff for  
Wadi El Kangar and Kangar Dam Subwatershed 
(mm) 
El Kangar 
(10
6
 m
3
) 
Kangar Dam Subwatershed 
(10
6
 m
3
) 
2005 105.5 4.9 2.7 2.4 
2006 148.1 6.4 3.5 3.1 
2007 128.9 2.4 1.3 1.1 
2008 95.2 1.4 0.8 0.7 
2009 146.0 18.4 9.9 8.7 
2010 80.5 1.5 0.8 0.7 
Watershed area in km
2
:                        El Kangar: 540Kangar Dam Subwatershed: 477 
(Source: Author own results) 
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Figure ‎5.23 The delineated reservoir surface areas of 
the dam from Google Earth images 
(Map Layer: ESRI world (2008); Layer: Author own 
results))  
 
 
 
 
 
The derived contour map for the dam reservoir shows that the contour along the stream 
course, within a distance of about 1.5 km from the dam, extends from 406.2 m to 408.4 m 
parallel to the dam axis, as shown in Figure 5.24; this confirms the flatness of the reservoir. 
For the volume calculation, a 3D raster was created from the contour elevation and the 
extracted reservoir surface area for the years 2006, 2009, and 2010. Table 5.15below presents 
the geometrically calculated surface area of the reservoir and the corresponding water 
volumes for the three years. 
2009 
2010 
2006 
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Figure ‎5.24 The derived contour lines of Kangar Dam reservoir area 
(Map Layer: ESRI world (2008); Layer: Author own results)) 
 
Table ‎5.15 Dam reservoir geometric surface area and volumes 
 
No. 
Google Earth 
Image Date 
Reservoir 
Wet Surface 
Area (m
2
) 
Reservoir Wet 
Surface Area  
(km
2
) 
Reservoir 
Volume  
(m
3
) 
Reservoir 
Volume 
(10
6
 m
3
) 
1 26.01.2006 1196301 1.2 920234 0.9 
2 09.08.2009 1756619 1.8 3698529 3.7 
3 05.12.2010 896737 0.9 884172 0.9 
4 
Maximum wet 
surface area  
3265694 3.3 14756319 14.8 
(Source: Author own results) 
 
For the year 2005, the reservoir wet surface area is found to be 1.2 km
2
 with estimated 
volume of   ~ 1.0 million m
3
. From the monthly records for the years 2000 – 2011 shown in 
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Table 5.16, the total annual rainfall depth in 2005 was 105.5 mm. In this year, the rainy 
season had started in May and June was dry. The rain events were concentrated in July and 
August with 24.4 mm and 42.0 mm rainstorms; the monthly total is 32.2 mm and 60.3 mm, 
respectively. 
Table ‎5.16 Monthly and annual rainfall of Shambat station for the years 2005 to 2011 
 
Coming to the 2009, the rainy season started in mid July; in the time of the image already 
34.8 mm rainfall had fallen representing about 24% of the year total and the reservoir area 
and volume were 1.8 km
2
 and 3.7 million m
3
, respectively. July and August were the wet 
months, but in August the rainfall was the heaviest as 92.0 mm fell in six consecutive days. 
With respect to the soil moisture condition, three events were within AMCIII situation, two 
were AMCII, and the first event was AMCI. This led to categorize the year among the wettest 
years, although the total annual amounted to 146.0 mm. It is found out that the maximum 
surface area of the reservoir that covered by water was in the year 2009. The comparison of 
Google images after the dam construction (2005-2010) released that no water covered this 
boundary before 2009.Although the total annual rainfall for the years 2006 and 2007 reflect 
the potential of producing large runoff volume, but the year 2006 rain events were distributed 
along the rainy season; while the year 2007 had concentrated rain events but of low 
magnitude. Thus, the dam reservoir maximum surface area represents the total annual runoff 
produced in the year 2009.The tree seen in Figure 5.24is therefore assumed to be inundated 
during the year 2009; during the field visit to the study area, it is found that the tree was 
submerged up to one meter high. Considering this height, the volume of the maximum 
surface area is found to be around15 million m
3
.   
No 
Month 
Year 
April May June July August September October Annual 
1 2005 0.0 12.3 0.0 32.2 60.3 0.7 0.0 105.5 
2 2006 0.0 35.5 3.1 2.1 31.2 75.5 0.7 148.1 
3 2007 1.8 0.0 4.1 39.7 76.5 4.1 2.7 128.9 
4 2008 4.8 0.8 17.1 1.5 59.6 5.0 6.4 95.2 
5 2009 0.0 0.0 0.0 33.3 93.5 12.7 6.5 146.0 
6 2010 0.0 0.0 0.0 24.5 20.6 31.6 3.8 80.5 
7 2011 0.0 0.6 0.1 0.0 20.0 0.0 22.0 42.7 
(Source: Author own results; Daily rainfall data: Sudan Meteorological Authority, Shambat Station) 
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The year 2010 had a total annual rainfall depth of 80.5 mm, of which 31.3 mm ( ̴ 40%) had 
fallen in one day in September amounting to the month’s total. It is found that the reservoir 
surface area and volume from Google image are 0.9 km
2
 and 0.9 million m
3
, respectively. 
The maximum wet boundary has resulted in around 1.0 million m
3
 representing the total 
annual runoff. 
Table 5.17 shows the correlation between the potential runoff for Kangar Dam subwatershed 
calculated by the NRCS method and the actual runoff volumes estimated using Google 
images and the ArcMap platform. It can be seen the underestimation of the actual runoff 
values for the year 2005; this is obviously due to the sedimentation process in the reservoir 
that took place since the construction of the dam; the survey investigation for the dam 
reservoir area took place in the beginning of 2012. Yet, the extracted contour map highly 
represents the reservoir topography for the years 2009 and 2010, since the year 2009 was the 
last year with huge heavy rain events that could bring sediments along with the runoff. The 
59% correlation for the year 2009 reflects the underestimation of NRCS of the potential 
runoff that could be generated. This can be related to the fact that crust formation in the 
region was not considered for the NRCS method. That could have minimized the initial 
losses considered in the method especially that the rain events contributed much to the large 
runoff were of high magnitude on consecutive days; this enhance crust formation in the 
region. The year 2010shows a correlation of 70%, which is better off compared to the years 
2005 and 2009, between the NRCS calculated potential runoff and the estimated actual dam 
reservoir storage. Topographically the contour map represents well the reservoir surface and 
hydrologically, the runoff in this year is generated from a rainstorm of 31.3 mm within a soil 
dry condition (AMCI). Crust formation may have influenced the runoff total volume 
calculated geometrically, depending on the rain intensity. However, one year can not result in 
a reliable correlation; more years would have enhanced the results. 
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Table ‎5.17 The correlation between the NRSC-CN calculated runoff and the estimated volume 
 
5.5.2 Socio-economic Analysis 
Investigating the socio-economic aspects is as essential as the hydrological investigation 
component for planning and managing the WH systems and projects. The water demanded 
for the different purpose in a region together with the income source and financial capacities 
of the residents determines the type, the location, and the capacity of the system. Therefore, 
the questionnaire has inquired the socio-economic conditions of the study area, i.e. 
demographic aspects, economical activities, water demand, and water sources. Figure 5.25 
shows the location of the villages being visited, the educational and health facilities, and the 
water resources in the study area. 22 villages upstream, downstream, and middle of the Wadis 
watersheds were visited where 206 households were interviewed. A clear difference is found 
between the upstream and downstream the Wadis watershed in terms of water supply and 
accessibility, education and health surfaces provision, and economic activities and monthly 
income; downstream villages are found to be better off. 
5.5.2.1 Demographic overview 
The total household number interviewed is 206 with approximately 1000 inhabitants 
representing 5 persons per household in average, where 48% are females and the rest 52% are 
males.50% of the population is in the age of 8-30 years old, whereas the other 50% is divided 
equally between children younger than 7 years old and adults older than 30 years old as 
shown in Figure5.26.In other words, the community is young and in need for development 
for better life; the potential to achieve that exists. 
Year 
Annual 
Rainfall 
(mm) 
Annual Potential Runoff for  
Kangar Dam Subwatershed 
 
 
Correlation  
(%) 
(mm) 
NRCS method 
 (10
6
 m
3
) 
Geometric 
 (10
6
 m
3
) 
2005 105.5 4.9 2.4 0.9 266 
2009 146.0 18.4 8.7 14.8 59 
2010 80.5 1.5 0.7 1.0 70 
(Source: Author own results) 
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Figure ‎5.25 The spatial distribution of the settlements, water sources, service utilities within the Wadis of the Study Area 
(Source: Author data, 2010)
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Figure ‎5.26 Age categories for the interviewed households 
(Author own data, 2010) 
 
Assessing the education level in the region was difficult as only 30% and 19% of the 
interviewees are defined as educated and illiterate, respectively, while the rest 50% remains 
undefined. Figure 5.27 presents the education level and the number of educated males and 
females; the males represent 61% and the females 39%. This variance is related to the fact 
that education in the villages is limited to certain basic classes, higher classes requires 
walking or travelling long distances to farther located schools.  From the total educated 
people in the region, the proportion of people with basic school, high school, and university 
education level is 78%, 16%, and 6%, respectively. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure ‎5.27 Education levels and number of attendees or graduated females and males 
(Author own data, 2010) 
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5.5.2.2 Income and economical activities 
Households in the study area are dependent on diverse sources of income to cover the daily 
expenditure. The activities being practiced for income generation are mainly raising animals, 
agriculture, or both activities. There is no fixed monthly income and the villagers depend on 
their daily earnings, which in general low, to cover their expenses. As it can be seen from 
Figure 5.28,less than 100 Sudanese Pounds (US$ 45)
1
 is the average monthly earning for 
about 56% of the households, of which 27% live with less than 50 Sudanese Pounds (US$ 
33), i.e. US$ 1.0, daily earnings. The remaining 44% of the households have average monthly 
income between 100-300 Sudanese Pounds (US$ 45-136) for 34% and > 300 Sudanese 
Pounds (US$ 136) for 10%. Beside their responsibility of taking care of the family and 
household work, women in 3% of the households provide additional support for income 
generation; they practice some small activities similar to trade, sewing, and handcraft 
products. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure ‎5.28The average monthly earnings ratio of household number to the income 
(Author own data, 2010) 
 
Figure 5.29 shows the activities in practice by the households for income generation. It can 
be seen from the chart that 66% of the households are dependent on activities other than 
agriculture and raising animals to sustain their life, e.g. farm labor, trade, quarrying labor, and 
daily earning jobs in nearby cities. Raising livestock in the upstream and downstream villages 
                                               
11.0 $US= 2.2 Sudanese Pound in 2010 (OANDA 2012) 
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29%10%
11%
4%
9%
10%
Average Monthly Income  in US$
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of the Wadis watershed is for different purposes; the villages in the downstream raise limited 
number of indoor animals for their domestic consumption ofdairy products and sometimes 
meet. But the situation is different for upstream villages, as raising animal activity represents 
the main income source for the sedentary nomads there as well as their food self sufficiency 
of animal products. 
 
 
 
 
 
 
 
 
 
 
 
Figure ‎5.29 The activities practiced by the households as income source 
(Author own data, 2010) 
 
Goats, sheep, cattle, and camels are the main types of the livestock being raised in the study 
area. Wadi El Kangar, Wadi El Seleit, Wadi El Kabbashi, and the Nilotic village possess 
61%, 15%, 6%, and 18%; respectively, of the total livestock in the area. Figure 5.30 shows 
the total percentage of each type and their distribution of the livestock in percentage within 
the study area Wadis. It is noticeable that region wise goats have the highest proportion with 
respect to the other animals; this is due to the natural capability of goats to survive dry 
conditions compared to cattle. In addition to livestock, some poultry are kept domestically for 
their egg and meet products as well as some donkeys as means of transportation. Wadi El 
Kangar possesses the highest percentage of all livestock types; the reason behind is that the 
villages upstream the Wadi are sedentary nomads, whose livestock are of an economical 
value. The 11% cattle are distributed almost equally between El Kangar, El Seleit, and the 
Nilotic villages, and it is the highest percentage for the latter two compared to the goats and 
sheep; this is due to the relatively better accessibility and availability of water. Cattle raised 
in some villages in Wadi El Kangar are brought, according to some interviewees, to the Nile 
7%
22%
5%66%
Agriculture
Raising Animals
Agriculture and Raising 
Animals
Other 
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during the dry months for better water and fodder supply. Annex (C-III) illustrates the 
percentage of livestock raised by each village in each Wadi. 
Animal fodder is not available all through the year; grazing of the range land is common 
during and after the rainy season, after which the villagers have to buy the fodder from the 
market or directly from the farms. These farms are either in the Nile flood plain or limited 
small privately owned irrigated farms, where mainly fodder, grains, and vegetables are 
produced. Grains are grown for household self-sufficiency and their residues together with 
fodder are for animal consumption. Vegetables are grown in the farms near the Nile to be 
sold in nearby local markets. Rain dependent cultivation is practiced irregularly by some 
households in years with sufficient rainwater; alternatively, irrigated agriculture is limited to 
the Nile River floodplain and very small and limited indoor farms, where groundwater is 
available for irrigation. It represents the income source activity for the above mentioned 7% 
household. 
These statistics are built on the information provided by the households regarding the number 
of the livestock; yet, these numbers were subject to decrease or increase by some of the 
interviewees, who fear additional taxes or expect subsidies, respectively. However, they give 
a good indication of the spatial distribution of the livestock in the study area.  
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Figure ‎5.30 Livestock types and their distribution in the study area wadis 
(Author own data, 2010) 
 
5.5.2.3 Water Resources 
Water accessibility represents the major problem in both the upstream and downstream 
villages; however, the latter are better off as they have access to water from the Nile or 
groundwater, while the former are dependent mainly on rainwater. Runoff water is collected 
in hand dug or excavated ponds, which traditionally known as ‘Hafier’. Most of these Hafiers 
dry up shortly after the rainy season creating a dominant water shortage all through the rest of 
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the year. The daily water demand is covered then either by walking long distance for long 
lasting farther Hafiers or by buying the water from water sellers. Figure 5.31 shows the 
distribution of the water sources within the study area; as it can be seen, Hafier is the 
prevailing water source upstream the Wadis. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure ‎5.31 Water Resources in the Study Area 
 
Figure 5.32 shows the main water sources in the study area and the percentage of the 
household that access it. Groundwater is the water source for 44% of the households in the 
study area; some of them are downstream the Wadis having direct access to wells while the 
others are upstream the Wadis and they have to bring or buy the water from this source.47% 
of the households have access to fresh groundwater, while 48% and 5% consider the water to 
be saline and very saline, respectively. According to the interviewed households, the depth to 
the fresh, saline, and very saline groundwater is 10-30 m, 30-50m, and > 50 m, respectively. 
The hydrogeology of the region shows that groundwater is recharged directly from the Nile 
for the areas adjacent to the river, the depth decreases with the distance of the aquifer from 
the Nile till reaching the Basement Complex where it vanishes (Land Use Map of Khartoum 
State – Explanatory Report, 2000). The Nile water is supplied to some of the villages 
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downstream the Wadis through network; nevertheless, the supply is not continuous all 
through the day. Fulfilling the daily water demand in the study area poses a great problem 
both for downstream and upstream villages. Yet, most of downstream village are better off in 
the sense of having partial daily water supply. Upstream villages are mainly dependent on 
Hafier water during and after the rainy season; yet, they have to look for other sources for 
water provision during the dry season. In general, household water supply is the 
responsibility of the whole family members, according to 36% of the interviewed households; 
however, 31% of the households stated that it is the responsibility of men, while 18% and 
15% is for women and children, respectively.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure ‎5.32 Main water sources in the study area and the percentage of the users 
(Author own data, 2010) 
 
The water demand in the study area covers mainly the need for drinking, domestic use, 
watering animals, and irrigating house farm with total of about 70 m
3
 daily demand, of which 
the daily water demand for Wadi El Kangar, Wadi El Seleit, Wadi El Kabbashi, and the 
Nilotic villages represents 34%, 12.5%, 19%, and 34.5%; respectively. Figure 5.33 shows 
that domestic use and watering animals consumption of water is the highest in the region; 
Wadi El Kangar and the Nilotic villages consume 50%  and 41% of the study area daily water 
demand for livestock watering and domestic use, respectively. Wadi El Seleit shows low 
water demand in all aspects with approximately 13%; two of the three villages being 
interviewed, namely Eid Alhash North and Eid Alhash South, suffer severe water problem. 
They have no access to groundwater neither to long lasting Hafiers; economically they can 
not afford buying water from the water sellers. Their total daily water consumption is 28% of 
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the total demand of the Wadi. Irrigating house farm water demand is limited to 1% and only 
to downstream villages as in the Nilotic villages, El Kanagr, and El Seleit with 66%, 26%, 
and 8%, respectively. The daily water demand for each village is shown in (Annex C-IV). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure ‎5.33Water demand in the study area and its distribution among the Wadis 
(Author own data, 2010) 
 
Water supply facilities vary according to the accessible water source. For instance, 59% of 
the household are connected to Nile water or groundwater supply networks; but these 
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households are limited to the villages downstream the Wadis. However, the supply is not 
continuous where the water is pumped into the network twice a day for 2-3 hours against 
monthly fees for operation and maintenance costs. 18% of the households withdraw directly 
the water from Hafiers, which mostly are not protected and usually accessed by people and 
animals when the Hafier water level decreases. Central hand pumps for groundwater 
withdrawal of limited use in the area; only 3% of the households still use this facility. 20% of 
the households satisfy their water demand from different sources, e.g. irrigation canals, water 
tankers, etc; therefore, it was difficult for them to specify one facility. 
 
For all the above, it is revealed that water harvesting is of great importance in the region for 
the time being and in the future. Traditionally, it is already known for the villagers up and 
downstream the watersheds for water supply; however, it is the sole and inexpensive water 
source for upstream villages. Therefore, the villagers have great interest and willingness to 
have improved and new water harvesting systems for better water supply and accessibility. 
For instance, upstream villages are badly in need for efficient water supply systems in terms 
of durability, inexpensiveness, and accessibility. Only then they can allocate more time for 
other activities to develop their region in terms of better access to health and education 
services as well as more income. Although downstream villages relatively have better access 
to water compared to other villages, but water harvesting could cover the deficit in water 
demand and cut the additional costs for water provision.  The financial capacity of the 
households in the region is very low and it may not exist in some villages to support the 
enhancement or construction of water harvesting systems in the region; nevertheless, the 
manpower and the great desire of better life is abundant, which is of real necessity for 
successful water harvesting projects.  
 
5.5.3 Potential Water Harvesting Sites and Systems 
5.5.3.1 Water harvesting sites geophysical investigation   
The soil, geology, hydrogeology, and vegetation maps of the Land Use Map of Khartoum 
State (2000) show that 12 soils make the soil of the study area; they are distributed within six 
soil classes that vary between plains formed on the Nubian Sandstone, plains formed on the 
Basement Complex, Wadis alluvial, and the recent and old deposits of the Blue Nile and the 
Nile classes. Geologically, three main surface geological units constitute the area: superficial 
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deposits, Nubian Sandstone, and Basement complex; Gezira formation represents only 0.1% 
of the area. Hydrogeologically, two main formations exist in the region: the water bearing 
formation of the Nubian Sandstone and the non-water bearing formation of the Basement 
Complex. The range land vegetation cover dominates the study area; however, the density 
varies in some areas within the watersheds. 
Slope 
Slope is one of the important factors for water harvesting site and systems selection 
(Critchley and Siegert, 1991). The slope investigation for the study area proves the flat 
topography of the area, as the slope classification histogram shows that the 97% of the Wadis 
watershed area fall within the nearly level to very gentle sloping classes, i.e. 0-1% and 1-3%, 
respectively; the gentle slope class (3-5%) represents about 1% of the area and the remaining 
three classes (moderate – steep) represent only 2%, as shown in Figure (5.34).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure ‎5.34 Slope classes of the Wadis watershed 
(Source: Author own results) 
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Soil  
The investigation of the soil map of the Wadis watershed shows that 69% of the area is 
covered by plains formed on the Nubian Sandstone; 21% is plains formed on Basement 
Complex; 5.5% is Wadi alluvial; and 4.5% is divided between the recent and old deposits of 
the Nile and the Blue Nile and the old alluvial fans of the Blue Nile soil classes (Table 5.18). 
As it can be seen from Figure 5.35, the area upstream the Wadis watershed is occupied by the 
soils formed on the Nubian Sandstone, i.e. series 66 and dissected plateau; they are of sandy 
loam to clay loam texture and represent 65% of the area. Id Babiker is the third soil formed 
on the Nubian Sandstone, being made of sandy clay soil, it covers 4.5% of the area; it is 
mainly found in Seleit Wadi watershed. The clayey soil formed on the Basement Complex 
(Melkeit) stretches downstream the Wadis watershed covering 20% of the area. Muwala and 
Broad Wadis soils represent the Wadi alluvial class with 1% and 4.5%, respectively. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure ‎5.35 The soils of the study are
(Source: Author own results) 
 
The soils of the old and recent deposits of the Nile and the Blue Nile as well as the old 
alluvial fans of the Blue Nile are limited to the downstream of El Seleit and El Kabbashi 
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watersheds; they represent about 5% of the area. Thus, they were not considered in the 
process of selecting the potential water harvesting sites.  
 
Table ‎5.18 Soil attributes of the Wadis Watersheds 
 
Geology 
The surface geology investigation of the study area shows dominance of the superficial 
deposits and the Basement Complex classes with 71% and 24%, respectively. 69% of 
superficial deposits class is of Aeolian dunes, which occupy the vast area upstream the Wadis 
watershed (Figure 5.36 and Table 5.19). The Aeolian dunes unit is made of a thin layer of 
sand dunes and sheets underlain by a thick layer of gravel. Geneisses and migmatites and the 
No. Soil Class Series Name Soil Type 
Area 
(km
2
) 
Area 
(%) 
1 
 
Plains formed on 
Nubian Sand Stone 
 
Dissected Plateau (25) 
sandy loam to 
clay loam 
215 23 
2 Series (66) 
sandy loam to 
clay loam 
389 41.6 
3 Id Babiker (63) sandy clay loam 42 4.5 
4  
Plains formed on 
Basement Complex 
 
Melkeit (65) clay loam to clay 187 20 
5 Series (27) No Soils 6 0.7 
6 
 
Old alluvial fans of 
the Blue Nile 
BageirL’aota Complex  
(40) 
sandy clay loam 7 1 
7 
Recent alluvial 
deposits of the Blue 
Nile and River Nile 
Eseilat (41) clay 8 1 
8 
Old alluvial 
deposits of the Blue 
Nile and River Nile 
 
Kuku (46) clay 5 0.6 
9 
Kuku affected with 
Gravel (47) 
clay 22 2 
10 Kadaro (45) sandy clay loam 1 0.1 
11 
Wadi’s alluvial 
 
Muwala (54) sandy clay loam 9 1 
12 Broad wadis (57) 
sandy clay loam, 
sandy loam, clay 
loam, clay 
42 4.5 
Source:  Author own results 
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syntectonic granites and migmatites represent 15% and 9% of the Basement Complex class, 
respectively. 
 
Figure ‎5.36 The surface geological units of the study area 
(Source:  Author own results) 
 
 
 
 
 
 
 
 
 
 
Water Harvesting for Integrated Water Resources Management and Sustainable Development in Khartoum State – RuralPart 
   
147  
 
 
Table ‎5.19 The surface geological classes and units of the study area 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Hydrogeology 
 
As it is shown in Figure 5.37 and Table 5.20, the Nubian Sandstone aquifer occupies 82% of 
the Wadis watershed, which is a water bearing formation. The non-water bearing aquifer is 
represented by the Basement Complex, which makes the remaining 18% of the study area. 
1% of the Sandstone water bearing formation is of saline water; it is located at the southern 
part of Seleit Wadi watershed. 
 
 
No. 
 
Surface Geological 
Units 
Geological Class 
Area 
(km
2
) 
Area 
(%) 
1 
Superficial deposits 
 
Aeolian dunes 638 69 
2 Recent deposits 20 2 
3 Older Alluvium 1 0.2 
4 Nubian Sandstone 
formation 
 
Nubian Formation 30 3 
5 Ferruginous Sand Stone 12 1.3 
6  
Basement Complex 
 
Gneisses and migmatites 142 15.4 
7 
Syntectonic granites and 
migmatites 
82 9 
8 
Gezira Formation 
Upper clay member 
1 0.1 
9 Sandy member 
Source:  Author own results 
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Figure ‎5.37 The hydrogeology of the study area  
(Source:  Author own results) 
 
Table ‎5.20 The hydrogeological characteristics of the Wadies Watersheds 
 
No. Hydrogeological Units 
Area 
(km
2
) 
Area 
(%) 
1 
 
A1: Water Bearing Formation 
       (Nubian Sand Stone aquifer) 
 
755 82 
2 
 
C2: None Water Bearing Formation 
 
171 18 
Source:  Author own results 
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Vegetation cover 
According to the Land Use Map of Khartoum State (2000), the vegetation cover is limited to 
the range land natural vegetation, which is mainly Acacia tortilis maerua and crassifolia 
desert Scrub. 95% of the study area is of poor vegetation cover with exception to the wadi 
courses, where the cover is relatively denser; it represents 5% of the Wadis watershed (Figure 
5.38 and Table 5.21). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure ‎5.38 The vegetation cover of the study area
 (Source:  Author own results) 
 
Table ‎5.21 The vegetation cover characteristics of the study area 
 
No. Vegetation type Description 
Area 
(km
2
) 
Area 
(%) 
1 Acacia tortilis_maerua, crassifolia 
desert Scrub 
Poor 882 95.2 
2 Good 42 4.5 
Source:  Author own results 
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5.5.3.2 Potential water harvesting sites 
Potential water harvesting sites selection was dependent on the geophysical investigation of 
the study area. Table 5.22 shows the results of the developed array of the soil, geology, 
hydrogeology, and vegetation cover attributes. The soils of the old and recent deposits of the 
Nile and the Blue Nile as well as the old alluvial fans of the Blue Nile were not considered as 
they are limited to the downstream of the Wadis watersheds; in addition, they represent 5% of 
the area. Emphasis is given to the Wadis upstream watershed for the acute water problem and 
absence of water resources other than the rain/runoff water. Therefore, three soils were 
chosen to be checked against the distinguished geological, hydrogeological, and vegetation 
cover characteristics of the region. As a result, nine polygons are successfully extracted 
representing the potential sites for water harvesting projects.  
 The series 66 soil of the Nubian Sandstone has two potential sites, both corresponds to poor 
vegetation cover and Aeolian dunes surface geological unit; however, one site is on the water 
bearing aquifer while the other on the Basement Complex. Three potential sites of Melkeit 
soil, formed on the Basement complex, were defined. One site correspond to poor vegetation 
cover, Aeolian dunes surface geological unit and water bearing aquifer; the other two sites 
correspond to poor vegetation cover and Geneisses and migmatites surface geological unit, 
but one is within the Basement Complex aquifer and the other is within the Nubian Sandstone 
aquifer. With regard to the Broad Wadis soil, four sites were defined: each two sites are 
within the same water bearing aquifer and the good vegetation cover; yet, they belong to two 
different surface geological units, i.e. Aeolian dunes and Geneisses and migmatites (Figure 
5.39). 
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Table ‎5.22 The specification of the potential sites according to the geophysical characteristics  
 
No Soil Geology Hydrogeology Vegetation 
Potential 
Site 
1 
Series 66 
Aeolian  
Dunes 
NSS Aquifer Poor Yes 
2 
Aeolian  
Dunes 
NSS Aquifer Good No 
3 
Aeolian  
Dunes 
B.C. Aquifer Poor Yes 
4 
Aeolian  
Dunes 
B.C. Aquifer Good No 
5 
Melkeit 
Aeolian  
Dunes 
NSS Aquifer Poor Yes 
6 
Aeolian  
Dunes 
NSS Aquifer Good No 
7 
Geneisses 
&migmatites 
NSS Aquifer Poor Yes 
8 
Geneisses 
&migmatites 
NSS Aquifer Good No 
9 
Geneisses 
&migmatites 
B.C. Aquifer Good No 
10 
Geneisses 
&migmatites 
B.C. Aquifer Poor Yes 
11 
Broad 
Wadis 
Aeolian  
Dunes 
NSS Aquifer Good Yes 
12 
Aeolian  
Dunes 
B.C. Aquifer Good Yes 
13 
Geneisses 
&migmatites 
B.C. Aquifer Good Yes 
14 
Geneisses 
&migmatites 
NSS Aquifer Good Yes 
 
 
 
Water Harvesting for Integrated Water Resources Management and Sustainable Development in Khartoum State – RuralPart 
   
152  
 
 
 
 
 
 
Figure ‎5.39 The potential water harvesting sites according to the geophysical criteria of the region 
(Source:  Author own results)  
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Ground check 
A visit was conducted in the beginning of the year 2012 to verify the specified potential water 
harvesting sites using the ArcGIS platform. However, and due to some constrains, the ground 
check was limited to Wadi El Kangar watershed, which in comparison to the other two Wadis 
watersheds, i.e. El Seleit and El Kabbashi, has relatively larger settlement in the upstream 
part, where the severe water shortage during the dry season badly affects the livelihood of the 
villagers; yet, water shortage almost along the year is a dominant problem in the whole 
watershed. Figure 5.40 shows the areas within the subwatersheds of Wadi El Kangar being 
visited for the ground check; they thought to be in the surrounding of the settlements. 
Sand dunes and gravel cover dominate the part of the series 66 soil and Aeolian dunes surface 
geology (Area (1)); the area is in use for sand and gravel quarry activity, thus, it is not 
suitable for water harvesting (Figure 5.41). The area of the Melkeit soil and Basement 
Complex geology surface is plain covered with gravel (Figure 5.42). 
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Figure ‎5.40 The potential water harvesting sites for Wadi El Kangar upstream villages 
(Source:  Author own results)  
Dalaga North 
Villages 
Dalaga South 
Village 
Kangar 
Villages 
1 2 
3 
4 
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Figure ‎5.41 Sand and gravel quarrying in Wadi El Kangar watershed 
(Photos: Author, March 2012) 
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Figure ‎5.42 Plains of clayey soils on the Basement Complex in Area (1)  
(Photos: Author, March 2012) 
 
 
The visited parts of Area (2) are of the Broad Wadi and series 66 soils with Aeolian duns 
surface geology. As Figure 5.43 shows, the topography and land cover widely distinct. For 
instance, some parts are plain or undulating ground covered with gravel while others are plain 
covered with grass and scattered bushes. Sandy soil covers the Wadi course in some areas, 
whereas gravel and bushes stretches over other parts. 
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Figure ‎5.43 Distinct landscape in the lower part of Area (2)
(Photos: Author, March 2012) 
 
The upper part of Area (3) is an extension of the ground features in Area (2), i.e. undulating 
or plain surfaces with scattered grass, bushes, gravel, or a mixture of these covers. 
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Nevertheless, large gravels, big stones and rock crop outs were observed in some areas 
(Figure 5.44).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure ‎5.44 Stone and rock crop outs in the upper part of Area (3)
(Photos: Author, March 2012) 
 
Denser cover of bushes, compared to Area (2), characterizes the Wadi course with sandy 
cover surrounded by gravelly undulating cover (Figure 5.45). Yet, grass and bush cover 
spread within some stream courses with a coated ground surface.  
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Figure ‎5.45  Distinct Wadi course surface ground and vegetation cover in Area (3)
(Photos: Author, March 2012) 
 
The lower part of Area (3) is the deep clayey soil of Melkeit series making the gently sloping 
plain on the Basement Complex surface geology, which is covered with gravel (Figure 5.46). 
It is hardly seen any kind of vegetation cover in this region with exception to the Wadi 
course. 
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Figure ‎5.46 Plains of the clayey soils on the Basement Complex in Area (3)
(Photos: Author, March 2012) 
 
Area (4) represents the area downstream El Kangar Dam; it is made of Melkeit and Broad 
wadis soils on the Basement Complex. The plains of the former are featured the same way of 
that in Area (3), but with scattered small rock on the surface in some areas (Figure 5.47).  As 
Figure 5.48 shows, the Basement Complex underlain the Broad Wadi soil is very near to the 
ground surface in this area; this whole could represent stone quarry in the area. The 
vegetative area shows dense mixture of natural trees, bushes, and grass, as it can be seen from 
Figure (5.49).   
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Figure ‎5.47 Gravelly rocky surface on the plains of Melkeit soil in Area (4)  
(Photo: Author, March 2012) 
 
 
 
 
 
 
 
 
 
 
 
 
Figure ‎5.48 Shallow Broad Wadi soil on the plains of the Basement Complex in Area (4) 
(Photo: Author, March 2012) 
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Figure ‎5.49 Vegetation cover downstream El Kangar Dam in Area (4) 
(Photo: Author, March 2012) 
 
5.5.3.3 Potential water harvesting systems  
Investigating the water harvesting systems in practice and the water sources in the study area 
were main parts of the questionnaire developed for the socio-economic study. As presented in 
Figure 5.50, the water harvesting system in the region is the surface water ponds (Hafier), 
which is considered the main water sources together with the groundwater and Nile water. 
The settlement distribution shows concentration of villages near to the Nile; otherwise, small 
settlements are scattered towards the upstream direction of the study area. In this region the 
main water supply is the runoff water brought about by the Wadis during the rainy season; 
the villages of Area (1) and (2) are solely dependent on Hafier water as water supply source. 
Accessibility to the Nile and groundwater is limited to the villages downstream the 
watershed; groundwater is hardly accessible for the settlements upstream the Wadis. 
The determination of the potential water harvesting sites, from the geophysical point of view, 
is important to define the appropriate systems to be implemented for the certain purpose of 
water supply. For instance, groundwater recharge requires investigating the hydrogeological 
characteristics; generation of runoff for irrigating agricultural plots and water reservoirs 
needs investigating the slope, vegetation cover and soil type; etc. However, the social and 
economical factors determine the feasibility of choosing one system in favor of another, or it 
limits the choice. The following sections present the potential water harvesting systems for 
the study area with consideration to the above mentioned factors. 
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The investigation of the potential water harvesting systems in the study area is considered 
only for Wadi El Kangar; since the ground check for Wadi El Seleit and Wadi El Kabbashi 
was not possible and as far as water harvesting projects are site specific.  
Water Harvesting for Wadi El Kangar 
For Wadi El Kangar three settlement groups are distributed with the Wadi watershed: Dalaga 
North settlement in the upstream, Dalaga South (Dalaga Ganoub) settlement in the middle, 
and Kangar villages in the downstream of the watershed. The potential water harvesting 
systems for these groups were identified according to the potential water harvesting sites and 
the water usage purposes.  
Villagers of Dalaga North settlement are sedentary nomads; raising animal is main activity 
for this group representing about 95% of the herds in the Wadi. Consequently, the daily water 
demand for watering animals is 95% of that for the whole Wadi. The dependence is mainly 
on the natural vegetation for animal fodder; which is according to the villagers is of low 
quality when the soil becomes dry shortly after the rainy season. Therefore, the optimal 
choices for water harvesting systems for this region are those providing water for drinking, 
domestic use, and animal fodder production. 
According to the potential water harvesting sites investigation, the settlement of Dalaga 
North are locating within Area (2), which is made from the Broad Wadi and series 66 soils 
covered with Aoelian dunes and underlain by both water bearing and non-water bearing 
aquifers. The Wadi course and the deep soil of the plain areas could be utilized for rangeland 
enhancement and fodder production, respectively. FAO paper on Water harvesting manual 
for plant production by Critchley and Siegert (1991) provide different systems for fodder 
production that suits the conditions of the region. The sandy wadi course could be used for 
trapping the runoff water by the construction of sand storage dams to provide water for the 
other purposes. Despite the dense number of Hafiers, which confirms the successful runoff 
water harvesting in the region, however, evaporation reduce the effective use of their water. 
Thus, some Hafiers could be rehabilitated in the sense of augmenting their capacity and 
increasing their efficiency. 
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Figure ‎5.50 Spatial distribution of the settlement and the water sources within the potential water harvesting sites 
(Source: Author own results)
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Dalaga South village located in the middle of the Wadi watershed has access to Hafier water 
and limited access to groundwater. The nearest Hafier is one of the large Hafiers (Hafier 
Yusuf Wad Ahmed) for communal use in the area, as will be presented in the following 
section. The villagers have experienced growing some vegetables and animal fodder within 
the Wadi alluvial course for subsistence use in the area upstream El Kangar dam (Figure 
5.51). Livestock in the village represent 3% of the total in the watershed, primarily for self-
sufficiency. Therefore the potential water harvesting systems for the village could be for 
groundwater recharge and crop plantation.  
The potential water harvesting sites for this area are part of Area (3), gently sloping plain of 
the clayey soil of Melkeit series and the Wadi alluvial areas could be utilized for small-scale 
water harvesting systems for plantation of crops or trees. Sand infiltration basins on the 
Aeolian dunes of the Wadi alluvial or series 66 soils could be an option for saving runoff 
water for groundwater recharge. 
 
 
Figure ‎5.51 Cultivated land upstream Wadi El Kangar Dam by Dalaga South villagers 
(Photos: Author, May 2010) 
 
El Kangar villages in the far downstream are economically dependent on neither agriculture 
nor raising livestock. Due to the proximity to the Nile, El Kangar Wasat village has access to 
both groundwater and Nile water. They raise 3% of the total livestock in the watershed and 
have some indoor farms that consume 69% of the daily total needed for the watershed. 
However, the other village (El Kangar Alfadlalab) depends on Hafier water or groundwater, 
although some of the wells have dried up after the construction of El Kangar dam, as shown 
in Figure (5.52). For this village groundwater recharge could be one option, since the wells 
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are located within the Wadi alluvial; nevertheless, accessibility to the Nile water remains an 
alternative option with great potential.  
 
Figure ‎5.52 Dried out wells at El Kanagr villages downstream Wadi El Kangar 
(Photos: Author, May 2010) 
 
The socio-economic investigation assessed the economical capacity of the villagers to 
develop water harvesting systems or projects in the region. With reference to Section 5.5.2.2, 
the average monthly earning for about 56% of the households is less than 100 Sudanese 
Pounds (US$ 45)
1
; half of this number earns less than 50 Sudanese Pounds (US$ 33). 
According to the villagers, the low income is due to the unfavorable conditions for raising 
animals or practicing agriculture. Water shortage encourages the poor productivity of the 
natural rangeland and agricultural production, which necessitate the practice of marginal jobs 
to cover their needs. When being asked in which way they would contribute to the 
development of water harvesting projects in the region most of the villager agreed on 
contributing mainly in the construction work followed by the monitoring. Financial 
contribution is also possible but very limited. Therefore, external financing sources are 
needed for the development of water harvesting projects in the region, through Khartoum 
State government, none governmental organizations (NGOs), or charity organizations.  
 Management and rehabilitation of the existing water sources 
The investigation of the existing water harvesting systems in the region revealed that short 
lasting Hafiers are normally shallow small hand dug ponds last for one to three months 
beyond the rainy season. Usually, there are more than one Hafier located near to or within the 
settlements for domestic use and drinking water for people and animals. The long lasting 
                                               
1US$1.0 = 2.2 Sudanese Pound in 2010 (OANDA 2012) 
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Hafiers are large excavated ponds scattered within the watershed for communal use; they last 
up to six month after the rainy season and sometimes water may last till the next season 
(Figure 5.53). Every Hafier is named after the person who constructed it; as most of times 
Hafier construction is a charity deed. Three of these large Hafiers were visited during the 
field visits to the study area: Hafier Ali, Hafier Yusuf Wad Ahmad, and Hafier Wad Hamad 
(refer to Figure 5.50). In May 2010, those Hafiers were still holding water from the rainy 
season of 2009, i.e. for more than seven months. Although at that time the water was of a 
deteriorated quality: shallow, turbid and with algae; yet, some people were there to collect the 
water or to water their animals (Figure 5.54).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure ‎5.53Hafier Wad Hamad 
(Photo: Author, May 2010) 
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Figure ‎5.54Hafier Yusuf Wad Ahmad 
(Photo: Author, May 2010) 
 
Despite the exposure of these Hafiers to high evaporation and intensive exploitation 
especially during the dry season, they remain the only inexpensive option for the villagers, if 
the effort and time for reaching these Hafiers is neglected, when the nearby Hafiers dry out. 
One option could be the rehabilitation of these Hafiers to minimize the water losses and 
improve their water quality; this could be achieved by maintaining the catchment area, 
deepening the pond, fencing the outer side of the Hafier and reducing the exposed surface.     
Another potential site for better efficient water use is El Kanagr Dam reservoir. The runoff or 
flood water is retained behind the dam and just evaporates; management of this structure 
should be sought of, so that the water could be of the beneficiary of the region. For instance, 
the reservoir could be used as a silting basin that connected to underground tank downstream 
the dam through the dam gates.  
As previously discussed, the rehabilitation of these systems is beyond the financial capacities 
of the villagers in the region and external financing sources are required.  
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5.6 Conclusions 
Investigating the potential of water harvesting in the study area required quantifying the 
runoff water volume generated by the rainstorms; investigating the socio-economic condition 
of the region; and to determine the potential water harvesting sites and systems. Three Wadis 
constitute the area: El Kangar, El Seleit, and El Kabbashi. The rural population there is 
mostly dependent on the runoff water brought by these Wadis during the rainy season to 
satisfy their water demand; the results of this study are:  
The NRCS method was applied to quantify the potential runoff water brought by the Wadis 
courses; the results are as follows:    
- Wadi watershed areas: the watershed area for each wadi is found to be 540, 344, and 
42 km
2
 for Wadi El Kanagr, Wadi El Seleit, and Wadi El Kabbashi, respectively. 
- Hydrologic Soil Group (HSG): The hydrologic soil groups for moderate antecedent 
soil moisture content (AMC II) became confined to type C and D, i.e. moderately 
high and high runoff potential, respectively. For range land cover of poor condition, 
two CN values were calculated: 86% and 89% for HSG type C and D, respectively; 
CN for HSG type C for good rangeland cover is found to be 74%. 
- Weighted CN value: For AMCII, Wadi El Kangar and Wadi El Seleit have a 
weighted CN value of 86% while WadiEl Kabbashi has a value of 88%. The CN 
values for the soil dry and wet antecedent moisture conditions (AMCI and AMCIII) 
are 73% and 93%, respectively, for Wadi El Kangar and Wadi El Seleit; and 76% and 
94%, respectively, for Wadi El Kabbashi. 
- Potential runoff volume: Classification of the rain events with respect to the AMC 
has demonstrated the importance of considering the soil moisture condition when 
calculating runoff for permeable surfaces. Most of the rain storms in the region fall 
within the AMCI condition where the initial losses are considerably higher than for 
the AMCII and AMCIII; nevertheless, considerable runoff was generated, for instance 
the years 1992, 1996, and 2003.  
- Potential runoff from rain events and rainfall threshold: The rainfall thresholds 
for AMCI, AMCII and AMCIII condition are found to be respectively 18.3 mm, 9.1 
mm and 4.4 mm for Wadi El Kabbashi and 22 mm, 11 mm and 5 mm for both Wadi 
El Seleit and Wadi El Kangar.  
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- Calibration of NRCS method: the subwatershed upstream El Kangar dam was used 
for calibrating the runoff results obtained applying the NRCS method. Therefore, the 
potential runoff volume for this subwatershed was calculated using the NRCS method 
and geometrically using Google images and the ArcMap platform. The subwatershed 
covers an area of 477 km
2
 representing about 88% of the total Wadi watershed. A 
correlation was done for the calculated volumes for the years 2005, 2009, and 2010. 
From topographical and hydrological point of view, the year 2010 was the suitable 
year to represent the correlation between the two methods. With 70%, the NRCS 
could be considered suitable for runoff estimation in this part of the arid belt. 
The socio-economic investigation of the area that took place in the year 2010 has revealed 
the following: 
- 206 households were interviewed with approximately 1000 inhabitants representing 
an average of 5 persons per household. The percentage of female and male is 48% and 
52%, respectively. Only 30% of the interviewees are educated while the 70% was 
either illiterate or undefined. 
- Less than 100 Sudanese Pounds (US$ 45)1 is the average monthly earning for about 
56% of the households, of which 27% live with less than 50 Sudanese Pounds (US$ 
33), i.e. US$ 1.0 daily earnings. The remaining 44% of the households have average 
monthly income between 100-300 Sudanese Pounds (US$ 45-136) for 33% and > 300 
Sudanese Pounds (US$ 136) for 10%. About 66% of the households are dependent on 
activities other than agriculture and raising animals to sustain their life, e.g. farm 
labor, trade, quarrying labor, and daily earning jobs in nearby cities. 
- The main types of the livestock being raised in the study area are goats, sheep, cattle, 
and camels. Wadi El Kangar, Wadi El Seleit, Wadi El Kabbashi, and the Nilotic 
village possess 61%, 15%, 6%, and 18%; respectively, of the total livestock in the 
area. 
- The water demand for Wadi El Kangar, Wadi El Seleit, Wadi El Kabbashi, and the 
Nilotic villages is 34%, 12.5%, 19%, and 34.5%; respectively. A total of ~70 m
3
 daily 
water demand is needed in the study area to cover need for drinking, domestic use, 
watering animals, and irrigating house farm.  
                                               
1US$1.0 = 2.2 Sudanese Pound in 2010 (OANDA 2012) 
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The criteria to determine the potential water harvesting sites and systems considered the 
geophysical characteristics of the area, the location of the villages, the traditional water 
harvesting systems in use, and the socio-economic situation. Emphasis was given to the 
upstream area of the Wadis watershed due to the severe water problem during the dry period: 
- Water harvesting sites: nine potential areas were defined for water harvesting by 
investigating the soil, geology, hydrogeology and the vegetation cover; they are 
mainly the soils formed on the Nubian Sandstone, on the Basement Complex and the 
Broad Wadi soils. Some of these areas are located either within the Nubian Sandstone 
water bearing aquifer or the Basement Complex none water bearing aquifer. The 
vegetation is very sparse, denser cover observed only within the Wadi water course.  
- Water harvesting sites: considering the potential water harvesting sites, villages’ 
socio-economic condition, water source and location, the water harvesting systems 
were specified. The selected systems vary between fodder and crop plantation; sand 
storage surface or subsurface dams; or groundwater recharge.  
- Another potential option is the rehabilitation of the existing Hafiers with large 
capacities as well as making use of El Kangar dam reservoir water, which is exposed 
to evaporation.  
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6 Khartoum State Urban-Rural Interaction 
 
Urban and rural areas of the world are interdependent and the connection between both 
cannot be neglected. The urban demand of certain products and activities is covered partially 
by the surrounding rural, who are in turn depend on the urban as consumers (UNFPA,2007; 
UNFPA,1996). Predictions estimate that the world urban population will approximately 
double by the yare 2050; and the increase of the world population by that time will be 
concentrated in the urban areas of the less developed countries (UN, 2012). Simultaneously, 
according to UN (2005), the world rural population - 3.3 billion in the year 2005- is in 
increase till the year 2019 where by then it will start declining reaching approximately 1% 
less by the year 2030. About 91% of this rural population lives in the less developed 
countries; an increase of 3.3% will be reached by the year 2020 where it will then after 
gradually decline(UN, 2005). Figure 6.1,provided by the UN (2012), illustrates the change in 
the rural and urban population within one hundred years (1950-2050), for both the more and 
less developed regions of the world. Obviously, in the year 2050 the gap between the urban 
and rural population in the less developed regions almost double the one for the more 
developed ones; this might be related to the internal migration trends from the rural to the 
urban areas. According to Anríquez and Stloukal (2008), urban areas in the developing 
regions of the world receive the majority of the rural migrants. 
 
Figure ‎6.1 Urban and rural population of the world (1950-2050) 
(Source: World Urbanization Prospects: the 2011 revision (UN, 2012)) 
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Economic reasons are mostly behind the rural migration. People search for better living 
conditions when the existing ones become deteriorated. They migrate to nearby cities for 
better income leaving behind their productive activity (Anríquez and Stloukal, 2008; 
UNFPA, 2007; UNFPA, 1996); the economical activities for the rural include both farm 
(agriculture, livestock) and non-farm activities (Carletto et al., 2007). Another reason is the 
deterioration of the working conditions due to environmental hazard, e.g. drought, 
desertification, etc. According to Sivakumar (2007), poor people with restricted accessibility 
to water sources suffer more the impact of climate change; examples from the world showed 
that drought and floods resulting from climate change are responsible of the permanent 
migration of subsistence farmers and villagers (UNFPA, 2007). For instance, Nugent and 
Sanchez (1999) studied the effect of drought on agriculture and animal husbandry in the arid 
and semi-arid regions; where the fluctuation of rainfall has negative impact on agriculture 
production and livestock. In both activities the income is at risk due to the drought 
conditions: low yields for the farmers from one hand, and low income for the animal keepers 
on the other hand; the latter has to cheaply sell off their animals and, therefore, should wait 
longer than the former for herd recovery. Fouad (1993) had detailed the economical and 
social indicators of desertification and dry land deterioration.He grouped the economic 
indicators in two sub groups: the less productivity of the rural areas, e.g. reduction of crop 
yields and animal numbers; and structural changes, e.g. decline in economic diversification. 
The social indicators were divided into three groups: changes of the spatial mobility of the 
population and the consequences of these changes like the increase of rural-urban migration; 
changes of social manners and relationship; and the changes of basic needs including food 
and housing.  
Escapingpoverty due to these unfavorable conditions and looking for better livelihood, the 
rural population in the less developed regions head towards nearby cities. Expansion of the 
cities to host the rural immigrants; pressure on the limited surfaces and infrastructure of the 
cities due to the high rural immigration rate; and shortage of basic products supplied by the 
rural, are some of the problems caused by the rural migration to urban areas (UNFPA, 2007; 
UNFPA,1996). According to Tacoli (2011), although rural-urban migration is not the only 
cause of urban poverty in countries of low and middle income, yet the increase of 
urbanization levels and the correlated decrease in the agricultural production weight in the 
economy is caused, mostly, by the migration of the rural to urban areas leaving behind their 
productive activities. Another challenge for these regions is discussed by 
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Satterthwaite(2011); it is related to climate change risk in urban centers where extreme 
weather events, e.g. heavy rainstorms, are likely to happen or increase in number. According 
to him, quality of housing and infrastructure play a major role in determining the extent of the 
flooding hazard, where unplanned housing and insufficient or inefficient drainage systems 
increase the risk of damage; here appears the influence of the rapid rural migration to 
cities.Therefore, and since rural and urban areas are interlinked, any development plans 
should consider both areas in the way that the consuming urban areas encourage the 
productive rural ones through the domestic markets, which in turn secure the rural economic 
activities being farm or non-farm ones (Tacoli, 2011). 
For instance, 60% of the total population in Sudan is rural according to 2008 census (CBS, 
2008).Agriculture is the main source of income for the rural population; yet, poverty rate is 
very high in the country mainly in the rural areas (IOM, 2011). As a way of seeking better 
income and livelihood, migration to urban areas is in increase with annual urbanization rate 
of 4.3% (UNDP, 2011).Forexample, between the years 1955 and 2002 the urban population 
has increased from almost 10% to 33%, respectively(Eltayeb, 2003). According to IOM 
(2011), urban and rural areas of Sudan are extremely distinct in terms of demographic 
characteristics, income, life style, and accessibility to water and basic surfaces.As an 
example, the daily per capita consumption of water in the urban area is hypothetically 20 
liter, while that for the rural area is just 8 liter and double and half expensive per liter price 
(Omer, 2008). In addition to that, many factors stand as obstacles against the development of 
the agricultural sector resulting in low income and food shortage; therefore, rural areas 
become poorer with lesser basic human resources, the thing which advances rural-urban 
migration (IOM, 2011).  
Khartoum State, the capital state of Sudan, is the most active economical center in the 
country (UNDP, 2011) making it the heaviest populated state amounting to about 5.2 million 
with 20% lives in the rural areas (CBS, 2008). The agricultural and livestock products, 
e.g.vegetables, fruits, meat, poultry, and dairy, being produced there are consumed by the 
domestic markets of the urban area. But agriculture faces the city expansion in the expenses 
of the arable land. Livestock production farms lack, among others, the pasture and water 
(UNDP, 2011); this steady decline in the conventional farming resulted in fast rural migration 
to manufacturing places in the state (UNDP, 2011; Eltayeb, 2003), as industries, services, and 
administration remain concentrated in the towns due to the little development in 
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infrastructure elsewhere (Eltayeb, 2003).In addition, the informal sector become more 
attractive due to the general declining economical conditions and the small capital it may 
require (UNDP, 2011; Eltayeb, 2003). Although informal sector attracts many poor or low 
income people due to its financial satisfaction (Eltayeb, 2003), its insecurity remains high 
especially with self-employment small scale enterprise and casual activities (UNDP, 2011). 
However,the socio-economic study part of this research revealed that small business and 
marginal jobs are the main income source for most of the rural population in the northeastern 
part of Khartoum state. 
Khartoum North (Bahri) locality is located northeastern part of Khartoum state between the 
river Nile (West) and the Blue Nile (South). It is made of four Administrative Units, two are 
urban and two are rural. The total population is 608 817, of which 142 818 lives in the rural 
part representing 23.5% in the Administrative Units of El Jaili with 48.6% and El Seleit with 
51.4% (CBS,2008).Besides being the main industrial region in Sudan, the locality possesses 
the potential of large unutilized agricultural and livestock raising areas (UNDP, 2011). The 
rural part is divided into two types of settlements: some urban-villages along the Nile banks, 
which have relatively better access to water and basic public surfaces; and the scattered 
smaller settlement around water points (Hafier), where very poor, if none, accessibility to 
water and basic surfaces exists. According to the socio-economic analysis of the area (refer 
Section 5.3.2), the economic activities vary between agriculture, raising livestock, and small 
business; they are kind of subsistence activities. The percentage of the interviewed 
households in the year 2010 (out of 206) that depends on small business and marginal 
activities as source of income accounts to 66%, whereas 22% is for raising animals, 7% for 
agriculture, and 5% for both agriculture and raising animals. It is widely common that 
marginal jobs and small business not to be the sole income source for the households, but it 
has the big share in the monthly or daily income. Water shortage in the region is the main 
reason that has forced the people to look for income generating activities other than or beside 
agriculture and raising livestock. Therefore, a kind of daily migration to nearby cities and 
larger villages has necessitated. Since these young rural are equipped with no skills and little 
or no education, they practice various marginal jobs on daily earning basis that just satisfies 
their families’ daily survival.The monthly income for 56% of the households is less than US$ 
45 (taking 1 US$ = 2.2 SDG in 2010), of which 27% has less than US$ 33 monthly income; 
i.e. 1 US$ per day. 
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Heading to the urban with consideration to the daily rural movement or ‘semi-rural’ 
migration, a great pressure is being put on the limited urban infrastructure as far as these 
marginal activities, which is being practiced by the rural and suburban low income 
households (UNDP, 2011; Eltayeb, 2003), take place everywhere and all the day. So, every 
activity to keep the urban environment clean and healthy becomes not only inefficient, but 
also insufficient; thus, the situation becomes worsened during the rainy season especially in 
case of heavy rainstorms, which is common for arid and semi-arid regions. In this research 
study, Khartoum city center was taken as an example to represent the urban part of Khartoum 
State, where impermeable surfaces, crowdedness, and the inefficient drainage systems 
coupled with the streets garbage in some areas lead to the inundation of the streets and to a 
much deteriorated environment after a rainstorm. On the other hand, during the hot dry 
season crowded and dusty streets and areas together with the extended impervious surfaces 
contribute much to the heat and high temperature; evidence of UHI phenomenon has been 
already reported for the urban parts of Khartoum State (refer to Section4.2).  
Therefore, considering the poverty and the unfavorable natural conditions most of the year in 
the rural parts, from one hand, and the environmental problems in the urban part, on the other 
hand, this research study has investigated the potential of applying rain and runoff water 
harvesting in the rural and urban areas of Khartoum State, respectively. The aforementioned 
problems are due to the seasonality of water availability in the rural part and to the extreme 
rain events and heat during the rainy and dry seasons, respectively, in the urban part.Water 
harvesting is found to be the feasible solution for both areas that could insure water resources 
management in an integrated way and the sustainable development, which is defined as the 
development intended to meet the present needs as well as considering the ability of the 
coming generations to meet their needs (WCED, 1987). The study recommended rainwater 
harvesting in the urban part, so that the pressure on the drainage system could be reduced, the 
inundation of the streets could be avoided, and the wasted rainwater to the Niles could be 
stored and used for irrigating and creating more green areas as well as for purposes other than 
drinking. Consequently, the pressure on the potable water supply system could be reduced 
and a relatively enhanced environment, especially during the dry season, could be insured. 
However, any plans for sustainable development in the urban area should be coupled with 
development in the rural areas since the development of the rural and urban areas is not a 
separated issue as far as the urban-rural linkages remain exist (Tacoli, 2011). Therefore, for 
the rural area, mainly efficient runoff water harvesting from the Wadi courses could assure 
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better availability of and accessibility to water, and as a result, better income generation from 
farms production and animal husbandry. As presented in Section 5.5.3, potential water 
harvesting sites suggest water harvesting systems for rangeland enhancement and plantation, 
subsurface storage, or groundwater recharge, in addition to the rehabilitation of the traditional 
systems, i.e. Hafier. These systems were chosen with consideration of the socio-economic 
condition of the villages and settlements. For instance,the harvestedwaterin the villages of the 
sedentary nomads could be used for the rangeland enhancement or fodder cultivation, which 
will improve the quality of the herds being raised there. Additionally,in situwater availability 
during the dry season for watering animalshelps keeping the good quality of livestockas the 
animals, especially cattle, do not have to walk frequently long distances to remote water 
sources. Simultaneously, the supply of meat or dairy products to local market continues 
assuringmore or less the stability of the villagers’ income throughout the year. Within the 
same context, water availability in the rural areas allocates time for general or technical 
education, which in turn means skilled labor for needed jobs in the urban part.On the other 
hand, the rural labor better earnings in the cities could be used to support the on-farm 
production. Furthermore, water harvesting in the area enables allocation of time for other 
activities, especially for women and girls since water fetching is almost the responsibility of 
women and children at the expenses of their wellbeing, safety, and education (Omer, 2008). 
According to Prinz (1999), water harvesting for the rural areas is considered as one of the 
integrated rural water management systems that makes use of water in an economic and 
sustainable way. Socio-economically, applying water harvesting in drought-prone 
environments provides the stabilization of rural communities, reduction of rural-urban 
migration, and local skills development (Oweis et al., 2001). 
As sustainable developmentprioritizes meeting the needs especially of the poor by using the 
recent resources and limiting at the same time any negative impacts on the environment for 
the welfare of future generations (WCED, 1987), water harvesting in Khartoum State has 
social, economical and environmental benefits from retaining the rain and runoff water within 
the ‘watershed’ for a later use. For instance, Fouad (1993) considers water harvesting as the 
utmost significant indigenous strategy of sustainable resources management. As farming 
activity become independent of rainfall amount and variability, income sources of rural 
communities in drylands become accordingly independent and diverse (UNEP, 2006; Fouad, 
1993). In addition, the construction of traditional water harvesting structures for runoff 
control contributes to the rural manpower development through the social solidarity (Fouad, 
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1993). On the other hand, water harvesting contributes to saving the environment as 
indigenous water harvesting techniques are a simplified form of water and soil moisture 
conservation (Moges, 2004; Oweis et al., 1999).  
In view of all the above, the interdependency between the rural and urban areas necessitates 
considering both areas while designing sustained development plans.Rural development 
requires the income development from both agriculture and non-agriculture economic 
activities (Tacoli, 2011; Carletto et al., 2007), which are dependent on the water availability, 
whereasurban areas benefit from the rural development in insuring domestic market 
sufficiency of food and labor (Tacoli, 2011) as well as reduced rural–urban movement and 
migration for better city planning and organization. 
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7 Conclusion and Recommendation 
7.1 Conclusion 
This research study has investigated the application of rain/runoff water harvesting in the 
urban and rural part of Khartoum State in Sudan. Being located within the arid belt, 
Khartoum State is subject to the erratic and intense rainfall during the short rainy season July-
September with possible rain events in June and October and dryness and heat throughout the 
rest of the year. High intensity rainstorms with a short duration have become more frequent in 
the area during the last two decades, e.g. 1994, 1998, 2001, 2003, 2007, and 2009, that 
resulting in cities inundation and flash floods in the rural parts.  On the other hand, the dry 
season means hot weather in the urban parts due to the outspread of the impervious surfaces 
and water shortage in the rural part; as they are dependent on the runoff water brought about 
by the seasonal streams to sustain their lives. Therefore, for this study Khartoum City Center 
and Seleit Area were selected to represent the urban and rural areas of Khartoum State, 
respectively. They represent the interdependency between the rural and urban areas from 
different ways: they are within 40 km distance; the urban local markets are supplied with the 
rural agricultural and animal products supplied by the rural; and the dependency of the rural 
on the jobs and labor work in the nearby cities. The application of water harvesting in both 
regions required examining the hydrological characteristics, or the rainfall-runoff 
relationship, and the specification of the potential water harvesting sites and systems.  
The first part of this research has considered the potential of water harvesting in Khartoum 
City Center. Firstly, preliminary investigation was conducted to find out the characteristics of 
the drainage system in the area, where the length, area, volume, and spatial distribution of the 
drainage canals were calculated using ArcGIS platform. It is found that the drainage system 
covers 42% of the area (the total area is 6.5 km
2
) with total capacity of 24000 m
3
. Secondly, 
daily rainfall data for Khartoum station were used to calculate the probability and the return 
period of the rainfall, as well as the potential runoff. Gumbel distribution for extreme events 
was applied to calculate the rainfall probability of occurrence; the data was arranged 
according to the Peak-over-Threshold method. The potential runoff that could be generated 
from a certain rainfall was calculated using the Natural Resources Conservation Services 
method provided by the United States Department of Agriculture (US-NRCS). This method 
requires the determination of the curve number (CN), which determines the initial losses to 
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be deducted and consequently the runoff volume. The CN value depends on the land use/land 
cover and the hydrological soil group (HSG). Different maps were created with the help of 
Google Earth and ArcGIS platform to derive the land use map of the city center: streets, 
building blocks, green area, and parking plots maps. The HSG of the area is found to be of 
type D, which indicates high runoff potential. Together with the land use classes, the CN 
values were determined revealing a weighted value of imperviousness dominance 
(94%).Thus, the rainfall threshold is found to be 3.3 mm for runoff generation. A rainfall 
depth of 13.1 mm produces runoff volume equals to the drainage system capacity. This depth 
occurs almost every year, i.e. with 80% probability. In addition, it is revealed that rainfall 
depths up to 17 mm have a return period of 1-1.5 years, generating up to 40000 m
3
 water 
volume considering the whole area. Return period of 3-4 years characterizes the 30 mm 
rainfall depth, which is considered the threshold for raising flood hazard in Central Sudan 
(Elagib, 2010a). This rainfall amount has a potential runoff volume that is more than four 
folds the drainage system capacity (107600 m
3
). Thirdly, the potential water harvesting sites 
were selected according to the location within the inundated areas, the roof type, and the 
presence of green area. Therefore, six potential sites were selected. They represent about 1% 
of the commercial and business district. Accordingly, it is found that, the application of roof 
water harvesting in 18% and 72% of the commercial and business district buildings can 
accommodate the runoff resulting from the previously mentioned 13.1 and 30 mm rainfall 
depth, respectively. It is worth mentioning here that the impermeable surfaces of the 
commercial and business district makes 63% of the city center area, the condition that 
increases the likelihood of the area inundation. Therefore, rainwater harvesting in this urban 
part of Khartoum State represents a key factor for changing the concept of the immediate 
drainage of rainwater to its retention within the catchment for the beneficial use. The 
potential of rainwater harvesting is found to be promising and could be applied in a larger 
scale. Evaluating and making use of the existing resources in the region are imperative for 
urban sustained development. 
The second part of the research has given attention to the examination of runoff water 
harvesting in Seleit Area, which represents the rural part of Khartoum State. Three 
watersheds of ephemeral streams (Wadi), namely Wadi El Kangar, Wadi El Seleit, and Wadi 
El Kabbashi make up the area. Distinct maps were prepared in ArcMap, e.g. soil, vegetation, 
geology, and slope, for the calculation of the potential runoff and the specification of the 
water harvesting sites and systems appropriate for the region. Following the same 
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methodology as in the urban case, the hydrological investigation in the region was conducted; 
however, the evaluation of the parameters to be considered for the runoff calculation was 
different because of the difference of the rural and urban physiographical characteristics. The 
Wadis watersheds and streams were delineated from the SRTM 90m DEM revealing the 
areas of Wadi El Kangar, Wadi El Seleit and Wadi El Kabbashi to be 540, 344 and 42 km
2
, 
respectively. For quantifying the potential runoff, rainfall data of Shambat 
Agrometeorological station were classified into three groups representing the soil dry 
(AMCI), moderate (AMCII), and wet (AMCIII) conditions. Accordingly, CNI, CNII, and 
CNIII values were calculated, respectively. The soil dry and wet conditions were necessary to 
be considered while different soil classes make up the ground cover in addition to the 
dominance of the poor vegetation cover which affects the infiltration and consequently the 
runoff generation. HSG for AMCII were found to be of type C and D that are of moderately 
high and high runoff potentials, respectively. The weighted CNII value is found to be 86% 
and 88% for both Wadi El Kangar and El Seleit and Wadi El Kabbashi, respectively. The 
respective CNI and CNIII are found to be 73% and 93%, and 76% and 94%. These values 
indicate high potential for runoff generation within the three soil conditions. Accordingly, the 
potential runoff has been classified into three categories for the individual rain events, i.e. 
dry, moderate and wet conditions. The rainfall thresholds for AMCI, AMCII and AMCIII 
condition are found to be respectively 18.3mm, 9.1 mm and 4.4 mm for Wadi El Kabbashi 
and 22 mm, 11 mm and 5 mm for both Wadi El Seleit and Wadi El Kangar. Although most of 
the rain storms in the region fall within the AMCI condition, where the initial losses are 
considerably higher than in the case of AMCII and AMCIII; considerable runoff has been 
generated. This could be related to the intensity of the rain events, which enhance the 
formation of crust surface. Due to the absence of measured runoff data for the region, El 
Kangar dam subwatershed was used for calibrating the potential runoff calculated by the 
NRCS method. The subwatershed covers an area of 477 km
2
 representing about 88% of the 
total Wadi watershed. Since the dam reservoir had hold runoff water in some years, this water 
volume was quantified geometrically, where the reservoir surface areas for the years 2005, 
2009, and 2010 were delineated from Google Earth images. Together with the contour of the 
reservoir obtained from surveying the reservoir, the volumes were calculated in ArcMap. The 
year 2010 showed a better off correlation (70%) between the NRCS method and 
geometrically. However, one year can not result in a reliable correlation; more years would 
have enhanced the results. 
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Socio-economic analysis of the study area is an essential part of this study; therefore, a 
questionnaire was carried out in the year 2010, where 206 households representing 5 persons 
per household were interviewed. Four main categories were investigated, i.e. social aspects, 
economic activity, water sources and demand, and the people willingness to participate in the 
water harvesting projects. Socially, female represents 48% while male 52%; only 30% of the 
interviewees are educated. The villages in the upstream of the Wadis watersheds are 
sedentary nomads, whereas the villages downstream are mostly farmers who own or work for 
farms on the Nile flood plain. Economically, about 56% of the households earn monthly less 
than 100 Sudanese Pounds (US$ 45); 27% of them live with US$ 1.0 daily earnings. The 
remaining 44% of the households have average monthly income between 100-300 Sudanese 
Pounds (US$ 45-136) for 34% and > 300 Sudanese Pounds (US$ 136) for 10%. Sixty six 
percent of the households are dependent on activities other than agriculture and raising 
animals to sustain their life, e.g. farm labor, trade, quarrying labor, and daily earning jobs in 
nearby cities. Agriculture is practiced in the flood plains of the Nile whereas raising livestock 
is mainly in the villages upstream the Wadis watersheds. The main types of the livestock 
being raised in the study area are goats, sheep, cattle, and camels with 61%, 15%, 6%, and 
18%of the total livestock in the area for Wadi El Kangar, Wadi El Seleit, Wadi El Kabbashi, 
and the Nilotic village, respectively. The water resources in the region are limited to the Nile 
and groundwater for the villages in the downstream. The villages upstream the watersheds are 
dependent on the rainwater saved in ponds, traditionally known as Hafier. A total of  ~ 70 m
3
 
daily water is demanded to cover the water need for drinking, domestic use, watering 
animals, and irrigating house farm, where the daily demand for Wadi El Kangar, Wadi El 
Seleit, Wadi El Kabbashi, and the Nilotic villages is 34%, 12.5%, 19%, and 34.5%, 
respectively. 
The criteria to determine the potential water harvesting sites and systems considered the 
geophysical characteristics of the area, the location of the villages, the traditional water 
harvesting systems in use, and the socio-economic situation. Emphasis was given to the 
upstream area of the Wadis watershed due to the severe water problem during the dry period. 
Nine potential areas were defined for water harvesting by investigating the soil, geology, 
hydrogeology and the vegetation cover; they are mainly the soils formed on the Nubian 
Sandstone, on the Basement Complex and the Broad Wadi soils. Some of these areas are 
located either within the Nubian Sandstone water bearing aquifer or the Basement Complex 
non-water bearing aquifer. The vegetation is very sparse, denser cover observed only within 
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the Wadi water course. Considering the potential water harvesting sites, villages’ socio-
economic condition, water source and location, the water harvesting systems were specified. 
The selected systems vary between fodder and crop plantation; sand storage surface or 
subsurface dams; or groundwater recharge. Another potential option is the rehabilitation of 
the existing Hafiers with large capacities as well as making use of El Kangar dam reservoir 
water, which is exposed to evaporation. However, the financial source for the construction of 
the suggested potential water harvesting or the rehabilitation of the existing ones is 
questionable, as far as the financial capacity, if any, of the villagers is very limited. 
Therefore, other financial sources, e.g. Khartoum state government, non-governmental 
organizations, charity organization, or joint efforts are potential sources to help executing 
water harvesting projects in the region. 
The development of this rural part is of great benefit for Khartoum State Government as long 
as the development of the urban area is inevitably linked to that of the rural area. As 
mentioned earlier, Seleit Area contributes by supplying agricultural and animal products to 
the local market of the cities of Greater Khartoum, but the water shortage almost most of the 
year affects the sustainable production, and consequently, the sustainable income of the 
villagers. Therefore, the low income forces the villagers to seek other means of income in the 
nearby cities. Simultaneously, the local markets become vulnerable to shortage of the 
supplied products which has a direct effect on the prices. In addition, the activities practised 
by the marginal job seekers put great pressure on the limited public utilities and infrastructure 
of the cities, and in a way or another, contribute to the deterioration of the environment and 
urban heat during the rainy and dry hot seasons, respectively. Thus, improving the livelihood 
of the villagers by applying runoff water harvesting from the Wadi courses could assure 
better water accessibility, better income generation from farms production, and allocation of 
time for other activities, e.g. education. This interaction and interdependency between the 
rural and urban areas of Khartoum obviously influences the development of both regions and 
need to be considered in all developmental plans to assure sustainability. 
 
7.2 Recommendation  
- The most challenging phase of this study was the data collection. Most of the time the 
same data but with different resolution are scattered within different governmental bodies. 
Therefore, central data bank would be of great help for conducting research studies that is 
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needed for the region, since data quality and availability is the key for reliable research 
results. This will reduce the efforts and costs of creating the same data from different 
authorities as well as facilitating acquiring them by researchers or planners. The same 
also applies for the data needed for investigating the socio-economic condition of a 
region. The census data should not be treated in communal manner; rather it should be 
available for the lower base of the locality. This assures better investigation and results 
reliability, as well as less effort and costs that are needed for effective planning and 
design of the water harvesting projects. 
 
- Measured runoff data are important for rainfall-runoff calculation and simulations. 
Therefore, for precise design and planning of rainwater harvesting systems and projects, 
decentralized rain and flow gauges in the region are necessary for models calibration. The 
more available and higher resolution rainfall data, i.e. intensity and storm duration, the 
wider the range of hydrological applications to select from. 
 
- The present drainage system needs to be rehabilitated, so that runoff water could be made 
use of instead of its immediate discharge. For Khartoum City Center, it should be noted 
that the South-North drainage network is an extension of the drainage canals of the 
southern part of the city to the destination at the Blue Nile. Therefore, strong rainstorms 
poses inundation hazard for the city because the drainage canals become inefficient in 
conveying or accommodating the runoff water, especially if the Nile flooding is taking 
place. Thus, rainwater harvesting should be considered as part of the solution to tackle the 
urban storm water management and to preserve a better environment for the city, i.e. 
water retention rather than discharge. 
 
- Application of rainwater harvesting should be promoted in the urban area of Greater 
Khartoum, including the present and planned residential, commercial, or industrial areas 
for non-potable usages; particularly greening. This way, a considerable pressure on the 
city water supply system could be reduced, especially during the hot dry season; as the 
stored rainwater could be utilized for domestic and cooling purposes as well.  
 
- More attention should be given to the rural parts. These marginal areas possess potential 
for agricultural and animal husbandry production, but water shortage severity stands as 
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obstacle for the development of the region in terms of stabilized income source, education 
and health. Therefore, it is recommended to consider the development and welfare of 
these surrounding rural areas in every urban development plan. Making water available 
and accessible is the first step to bring the area forward.  
 
- The most benefit of the indigenous knowledge of the rural population should be made of, 
as it is a contributing factor to the success of any development project. The settlers should 
be involved from the early beginning at any water harvesting project proposal. Since they 
are not willing to leave their villages despite the hardness of the life conditions, and they 
are willing very much to contribute by any means to develop the region and improve their 
livelihood. 
 
- The potential areas located upstream the Wadis watersheds far from the settlement and 
the existing water sources could be utilized for growing trees as green belts.  However, 
the scattered settlements and villages also lack green areas and trees; therefore, water 
harvesting for greening is necessary in the area within the villages. Environmentally, it 
greatly helps to absorb the heat, reduce windblown sand, and stabilize the soil.  
 
- Roof water harvesting system is also recommended for the settlements downstream the 
Wadis watershed as the houses support the system installation. Yet, the villages upstream 
the watersheds could benefit from the public utilities, e.g. mosques, health centers, and 
schools, to collect the roof water for the later uses.  
 
- Governmental and private sector should pay more attention to the benefits of rainwater 
harvesting for the region by financing demonstrating examples; pay incentives for first 
group to take the initiative; or subsidize the materials initial costs necessary for 
implementing the systems by the individual households. Khartoum State government 
would benefit in the sense that no major measures have to be undertaken yearly to prepare 
for the rainy season or to mitigate the impact of the rainstorms. Alternatively, the runoff 
water becomes of benefit for the people and the environment; cost for such measures 
could be allocated for other development plans. Therefore, further research studies for 
cost benefit analysis and feasibility studies of applying rainwater harvesting are 
recommended.  
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(A-I) Geological Map of Khartoum State 
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(A – II) Soil Map of Khartoum State 
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(A – IV) Hydrogeology Map of Khartoum State 
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(A – V) Vegetation Map of Khartoum State 
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(A – VI) Rangeland Terrain Map of Khartoum State 
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Annex (B-I)  
   Table of attribute of the Drainage canal in Khartoum City Center 
No. Drainage Name Drainage Direction 
Construction 
Material Canal Order Condition Canal Coverage 
Canal 
Bottom 
Material 
Average 
Width (m) 
Average 
Depth 
(m) 
Cross 
Section 
1 Tabia Sharig K27-4 North Brick Intermediate Constructed Covered Concrete 0.50 0.50 Circular 
2 Tabia Sharig K27-5 South west PVC Pipe Intermediate Constructed Concrete Units Concrete 1.80 1.00 Rectangle 
3 Tabia Garib K27-6 West Brick Main Constructed Covered Concrete 1.80 1.00 Rectangle 
4 Tabia Garib K27-7 West Brick Main Constructed Uncovered Concrete 0.50 0.50 Rectangle 
5 Osman Digna  K28 North Brick Main Constructed Covered Concrete 1.20 1.00 Rectangle 
6 Elmahdi  K29 North Brick Main Constructed Covered Concrete 0.60 0.90 Rectangle 
7 Elmac Nimir (Sharig) K30-1 North Brick Main Constructed Covered Concrete 0.60 0.90 Rectangle 
8 Elmac Nimir (Garib) K30-2 North Brick Main Constructed Covered Concrete 0.60 0.90 Rectangle 
9 Elhokm Eletihadi K31 North PVC Pipe Intermediate Constructed Covered Concrete 0.50 0.50 Circular 
10 Kont Mokhlis K32-1 North Brick Main Constructed Covered Concrete 0.50 0.60 Rectangle 
11 Kont Mokhlis K32-2 North Brick Main Constructed Uncovered Concrete 0.50 0.60 Rectangle 
12 Elqasr (Sharig) K33-1 North Brick Intermediate Constructed Covered Concrete 1.00 1.00 Rectangle 
13 Elqasr K33-2 East Brick Intermediate Constructed Covered Concrete 1.00 1.00 Rectangle 
14 Elqasr (Garib) K33-3 South Brick Main Constructed Covered Concrete 1.00 1.00 Rectangle 
15 Elqasr K33-4 North West Brick Intermediate Constructed Covered Concrete 1.00 1.00 Rectangle 
16 El Tayar Murad K34-1 North Brick Main Constructed Covered Concrete 1.00 1.00 Rectangle 
17 El Tayar Murad K34-2 North Brick Main Constructed Covered Concrete 0.50 0.50 Circular 
18 Abdelmunim K35-1 North Brick Main Constructed Concrete Units Concrete 1.00 1.00 Rectangle 
19 Abdelmunim K35-2 North Brick Main Constructed Covered Concrete 1.00 1.00 Rectangle 
20 Abdelmunim K35-3 South Brick Intermediate Constructed Covered Concrete 0.50 0.60 Rectangle 
21 Elhuria (Sharig) K36-1 North Brick Main Constructed Covered Concrete 0.50 0.60 Rectangle 
22 Elhuria (Garib) K36-2 North Brick Main Constructed Covered Concrete 1.50 1.00 Rectangle 
23 Ali Abdellatif K37-1 South Brick Intermediate Constructed Covered Concrete 1.50 1.00 Rectangle 
(Adapted by the author from the information provided by the Department of Planning- Khartoum State Ministry of Planning and urban Development)  
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 (Annex B-I) (Continued) 
No. Drainage Name Drainage Direction 
Constructi
on 
Material 
Canal Order Condition Canal Coverage 
Canal 
Bottom 
Material 
Average 
Width (m) 
Average 
Depth 
(m) 
Cross Section 
24 Ali Abdellatif K37-2 North Brick Intermediate Constructed Covered Concrete 1.50 1.00 Rectangle 
25 Elbank Elziraai K38 South West Brick Intermediate Constructed Covered Concrete 1.50 1.20 Rectangle 
26 Elmarkaz Elsihi K39 South West Rock Intermediate Constructed Covered Concrete 1.50 1.20 Rectangle 
27 Ganoub Gamaa Elsudan K40 West Brick Intermediate Constructed Covered Concrete 1.50 1.20 Rectangle 
28 Bank Elsudan K41 South East Brick Intermediate Constructed Covered Concrete 1.50 1.20 Rectangle 
29 Arbab Elagaid K42-1 South PVC Pipe Intermediate Constructed Covered Concrete 0.50 0.50 Circular 
30 Arbab Elagaid (Sharig) K42-2 South PVC Pipe Intermediate Constructed Covered Concrete 0.50 0.50 Circular 
31 Arbab Elagaid (Garib) K42-3 South PVC Pipe Intermediate Constructed Concrete Units Concrete 0.50 0.50 Circular 
32 Sinkat K43 North West Brick Intermediate Constructed Covered Concrete 0.75 0.80 Rectangle 
33 Elsayed Abdelrahman K44-1 West Brick Intermediate Constructed Concrete Units Concrete 0.50 0.50 Rectangle 
34 Elsayed Abdelrahman K44-2 East Brick Intermediate Constructed Concrete Units Concrete 0.30 0.40 Rectangle 
35 Elsayed Abdelrahman K44-3 East Brick Intermediate Constructed Concrete Units Concrete 0.30 0.40 Rectangle 
36 Elsayed AbdelrahmanK44-4 West Brick Intermediate Constructed Concrete Units Concrete 0.30 0.40 Rectangle 
37 Elsayed Abdelrahman K44-5 West Brick Intermediate Constructed Concrete Units Concrete 0.30 0.40 Rectangle 
38 Elsayed AbdelrahmanK44-6 West Brick Intermediate Constructed Concrete Units Concrete 0.30 0.40 Rectangle 
39 Elsayed Abdelrahman K44-7 East Brick Intermediate Constructed Uncovered Concrete 0.30 0.40 Rectangle 
40 Elsayed Abdelrahman K44-8 West Brick Intermediate Constructed Uncovered Concrete 0.30 0.40 Rectangle 
41 Elbaladia  K45-1 West Brick Intermediate Constructed Covered Concrete 0.50 0.60 Rectangle 
42 Elbaladia K45-2 West Brick Intermediate Constructed Covered Concrete 0.50 0.60 Rectangle 
43 Elbaladia K45-3 East Brick Intermediate Constructed Concrete Units Concrete 0.50 0.60 Rectangle 
44 Elbaladia K45-4 West Brick Intermediate Constructed Concrete Units Concrete 0.50 0.60 Rectangle 
45 Eltayar Gameel  K46 North Brick Intermediate Constructed Covered Concrete 0.50 0.60 Rectangle 
46 Elgamhoria K47-1 East Brick Intermediate Constructed Concrete Units Concrete 0.50 0.60 Rectangle 
47 Elgamhoria (Shimal) K47-2 West Brick Intermediate Constructed Concrete Units Concrete 0.50 0.60 Rectangle 
48 Elgamhoria (Ganoub) K47-3 West Brick Intermediate Constructed Concrete Units Concrete 0.50 0.60 Rectangle 
49 Elgamhoria K47-4 East Brick Intermediate Constructed Concrete Units Concrete 0.50 0.60 Rectangle 
50 Elgamhoria K47-5 East Brick Intermediate Constructed Concrete Units Concrete 0.50 0.60 Rectangle 
(Adapted by the author from the information provided by the Department of Planning- Khartoum State Ministry of Planning and urban Development) 
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(Annex B-I) (Continued) 
No. Drainage Name Drainage Direction Construction Material Canal Order Condition Canal Coverage 
Canal 
Bottom 
Material 
Average 
Width 
(m) 
Average 
Depth (m) Cross Section 
51 Elgamhoria K47-6 East Brick Intermediate Constructed Concrete Units Concrete 0.50 0.60 Rectangle 
52 Elgamhoria K47-7 West Brick Intermediate Constructed Concrete Units Concrete 0.50 0.60 Rectangle 
53 Elgamhoria K47-8 West Brick Intermediate Constructed Concrete Units Concrete 0.50 0.60 Rectangle 
54 Elgamhoria K47-9 East Brick Intermediate Constructed Concrete Units Concrete 0.50 0.60 Rectangle 
55 Elgamhoria K47-10 East Brick Intermediate Constructed Concrete Units Concrete 0.50 0.60 Rectangle 
56 Elgamhoria K47-11 East Brick Intermediate Constructed Concrete Units Concrete 0.50 0.60 Rectangle 
57 Elgamhoria K47-12 West Brick Intermediate Constructed Concrete Units Concrete 0.50 0.60 Rectangle 
58 Elgamhoria K47-13 West Brick Intermediate Constructed Concrete Units Concrete 0.50 0.60 Rectangle 
59 Elgamhoria K47-14 West Brick Intermediate Constructed Concrete Units Concrete 0.50 0.60 Rectangle 
60 Elgamhoria K47-15 East Brick Intermediate Constructed Concrete Units Concrete 0.50 0.60 Rectangle 
61 Elgamhoria K47-16 East Brick Intermediate Constructed Concrete Units Concrete 0.50 0.60 Rectangle 
62 Elgamhoria K47-17 West PVC Pipe Intermediate Constructed Covered Concrete 0.50 0.50 Circular 
63 Elgamaa K48-1 East Brick Intermediate Constructed Concrete Units Concrete 0.30 0.50 Rectangle 
64 Elgamaa K48-2 East Brick Intermediate Constructed Concrete Units Concrete 0.30 0.50 Rectangle 
65 Elgamaa K48-3 East Brick Intermediate Constructed Concrete Units Concrete 0.30 0.50 Rectangle 
66 Elgamaa K48-4 West Brick Intermediate Constructed Concrete Units Concrete 0.40 0.40 Rectangle 
67 Elgamaa K48-5 West Brick Intermediate Constructed Concrete Units Concrete 0.40 0.40 Rectangle 
68 Elgamaa K48-6 East Brick Intermediate Constructed Covered Concrete 0.40 0.40 Rectangle 
69 Elgamaa K48-7 West Brick Intermediate Constructed Concrete Units Concrete 0.40 0.40 Rectangle 
70 Elgamaa K48-8 West Brick Intermediate Constructed Concrete Units Concrete 0.40 0.40 Rectangle 
71 Elgamaa K48-9 West Brick Intermediate Constructed Concrete Units Concrete 0.40 0.40 Rectangle 
72 Elgamaa K48-10 West Brick Intermediate Constructed Concrete Units Concrete 0.40 0.40 Rectangle 
73 Elgamaa K48-11 West Brick Intermediate Constructed Concrete Units Concrete 0.40 0.40 Rectangle 
74 Elgamaa K48-12 West PVC Pipe Intermediate Constructed Covered Concrete 0.50 0.50 Circular 
75 Elgamaa K48-13 West PVC Pipe Intermediate Constructed Covered Concrete 0.50 0.50 Circular 
76 Elnigomi K49-1 North East Brick Intermediate Constructed Covered Concrete 0.50 0.50 Rectangle 
77 Elnigomi K49-2 South East Brick Intermediate Constructed Concrete Units Concrete 0.50 0.50 Rectangle 
78 Gwat Musalha Masjid K50 South West Brick Intermediate Constructed Covered Concrete 0.50 0.50 Rectangle 
(Adapted by the author from the information provided by the Department of Planning- Khartoum State Ministry of Planning and urban Development) 
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Annex (B-II) 
Runoff Curve Number 
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Annex (C-I) 
      Hydrologic Soil Group Characteristics 
Hydrologic 
Soil Group Soil Group Characteristics 
A 
Soil types in Group A allow water to transmit freely through the soil 
since they have a low runoff potential when thoroughly wet. These 
soils are usually 10 percent clay and 90 percent sand or gravel. Their 
textures are sandy. There can be soil type variances within Group A, 
such as loamy sand and silt loam, if they have more than 35 percent 
rock fragments. The depth of the water-impermeable layer is more 
than 20 inches (50 cm) for this group, and the depth of the water 
table is more than 24 inches (60cm). 
B 
Soil types in Group B allow water to transmit through the soil 
unimpeded since they have a moderately low runoff potential when 
thoroughly wet. These soils are usually 10 to 20 percent clay, and 50 
to 90 percent sand. They have loamy sand and sandy loam textures. 
Also, loam, silt loam, silt and sandy clay loam textures are placed in 
this group if they have more than 35 percent rock fragments. The 
depth of the water-impermeable layer in this group is greater than 20 
inches (50 cm), and the depth of the water table must be greater than 
24 inches (61 cm). 
C 
Soil types in Group C allow water to transmit through the soil in a 
somewhat restricted way since they have a moderately high runoff 
potential. These soils are usually 20 to 40 percent clay and more than 
50 percent sand, They include loam, silt loam, sandy clay loam, clay 
loam, and silty clay loam textures. Also, clay, silty clay, or sandy 
clay textures are placed in this group if they have 35 percent rock 
fragments. The depth of the water impermeable layer in this group 
must be greater than 20 inches (50 cm), and the depth of the water 
table must be greater than 24 inches (60 cm).  
D 
Soil types in Group D allow water to transmit through the soil in a 
restricted or very restricted way since they have high runoff potential 
when thoroughly wet. These soils are usually more than 40 percent 
clay and less than 50 percent sand. They have clayey textures. The 
depth of the water-impermeable layer in this group must be greater 
than 20 inches (50 cm), and the depth of the water table must be 
greater than 24 inches (60 cm). 
Source: http://www.ehow.com/list_7505003_hydrology-soil-types.html 
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Annex (C-II) 
Questionnaire  
 
1. Assessment of the socio-economic aspects of the region: 
1) Family: 
1. number of family members: _________________ 
 
2. Age: 
 
0-5: _____     5-10:_____ 10-15:______ 15-20:______ Older than 20: ______ 
 
3. Education: 
 
Basic: No._____ High school: No. _____ Graduate: ____ Technical: No. ______ 
 
4. Source of income: 
 
Agriculture:____ Animal husbandry:____  Both:_____ Other: Specify_______________  
 
5. Average monthly income (SDG): 
 
50-100: ____ 100-150:____ 150-200:____ 200-250:_____ 250-300:______ 
 
2) Agriculture: 
 
6. type of crops: 
 
Vegetables: _____ Grain/Cereal: ______ Cash Crops: ______ Fodder: _______ 
          Area: ______            Area:______             Area:______     Area:______ 
 
7. Reasons of growing crops: 
 
Self sufficiency: ______ Sale: _____ Both: _______ 
 
8. Irrigation: 
 
Rainfed agriculture: _________ Irrigation: _________ Both: ________ 
 
9. Irrigation frequency:  
 
Per week: _________ Per season: _________ No irrigation: _____________ 
 
3) Animal Husbandry:  
10. kinds of animals: 
 
Goats:_______ Camels: ______ Sheep: _______ Other, specify: _____________ 
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 No.: ________     No.: _______   No.: _______            No.: ______ 
 
11. Source of fodder: 
 
Natural range: ________ Farm: _________ Market: ________ 
 
4) Properties and Assets: 
 
12. do you have you own: 
 
House?: ________ Farm?: _______ Agr. Machinery?: _______ Car?:_______ Truck?: 
_______ 
 
13. What is the role of women in the family? 
 
Only household duties: ________ 
Take part in the farming activities: _________ 
Livestock :___________ 
Generation of income through: _________________ 
 
2. Exploration of water resources in the area: 
 
14. From where you get the water? 
The Nile: _____ Wadis: _____ Well: ______ Rain: _______ 
 
In case of wells (groundwater): 
 
15. How does the water taste? 
 
Sweaty: ________ Salty: _______ Very Salty: _______ 
 
16. How deep is the well? 
 
Shallow: _______ Deep: __________ Very Deep: _________ 
10-30 m: _______ 30-50 m:________ more than 50 m: ________ 
 
17. how much water you need for: 
 
Animals: ________per day 
Domestic use: _________ per day 
Drinking: ____________ per day 
Irrigation _________ for _________times 
 
18. Source of drinking water: 
 
Same source of agriculture and animal watering: ________ 
Different sources within the area: _______ 
Buying water from trucks (external source): ________ 
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19. What is the water supply facility in the region? 
 
Pipeline system: ___________ 
Central withdrawal point: ____________ 
Natural/ artificial depressions: _____________ 
 
20. Who is responsible of bringing water homes? 
 
Women: _______ Children: __________ Men: __________ 
 
 
3. Assessment of the willingness of people with regard to water harvesting systems: 
 
21. Do you use harvested water? 
 
Yes: ____________ No: ______________ 
 
22. If yes, what type of water harvesting system you use? 
 
Roof: ______ Open man made/ traditional ponds: ________ Cisterns: _________ 
 
23. How long does the water last in the source? 
 
1-3 months: ________ 3-6 months: _______ 6-9 months: ______ till next rainy 
season:_____ 
 
24. How many sources are in reachable and available per year? 
 
Total No.: _________ Yearly available No.: _____________ 
 
25. Who constructed the systems? 
 
Governmental institution: _________ 
Charity organization/ individuals: _____________ 
Settlers themselves: ______________ 
Natural: _________ 
 
26. Do you drink the water directly from the sources? 
 
Yes: ________; it is of good quality. 
Yes: ________; although quality not good and no treatment. 
No: ________; we treat it first. 
 
27. Are you willing to have improved/ new water harvesting systems? 
 
Yes: ________________ No: _____________ 
 
28. If yes; will you move to a new place, if needed, where water is made available? 
 
Yes: ________________ No: _____________ 
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29. Will you participate in the planning and construction of the water harvesting systems? 
 
Yes: _____________ No:____________ 
 
30. If yes; how that will be? 
 
Share the capital: __________________ 
Technical work during the construction: ___________________ 
System maintenance after operation: _______________ 
 
31. If the water quantity is limited, what will be your priority? 
 
Drinking water and domestic use: _______________ 
Agriculture (irrigation): __________ 
Animal watering: ______________ 
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Annex (C-III) 
Raising Livestock Activity 
1.1 Percentage of the animals in the wadis to the total of livestock in the study area. 
Table 1 Percentage of the livestock being raised in the wadis of the study area 
        (Source: Questionnaire Analysis) 
 
No. 
Wadi basic information 
The % of each animal type in the Wadi 
to the (total in the study area)*
The % of 
the (wadi 
livestock 
total)
  
** to  
the (Study 
area 
total)
Name 
*** 
Interviewed 
Families 
Total 
Family 
members 
  Goats Sheep Cattle Camels 
1 Elkangar 50 213 61 % 75.3 % 33.8 % 89 % 61 % 
2 Elseleit 31 174 14 % 7.9 % 33.3 % - 15 % 
3 Elkabbashi 54 260 7 % 2.4 % 2.4 % 11 % 6 % 
4 Nilotic vil. 71 319 18 % 14.4 % 30.5 % - 18 % 
5 Total 206 966 100 % 100 % 100 % 100 % 100 % 
* Livestock totals in the study area:     Goats: 1231   Sheep: 340 Cattle: 210 Camels: 35 
**Livestock totals in the Wadis:  Elkangar: 1108   Elseleit: 269 Elkabbashi: 107  Nilotic Vilages: 
332 
*** Total livestock in the study area: 1816 
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1.2 Percentage of the animals in the villages of  Wadi El Kangar to the whole Wadi 
 
Table 2 The percentage of the livestock being raised in the villages of Wadi El Kangar 
(Source: Questionnaire Analysis) 
 
No. 
Wadi basic information 
The % of each animal type in the Village 
to the (total in the Wadi)
The % of 
the 
(Village 
livestock 
total)
*  
**  to  
the (Wadi  
total)
Village 
Name 
*** 
Interviewed 
Families 
Total 
Family 
members 
  Goats Sheep Cattle  Camels 
1 
Awlad 
Abdallah1
10 (1) 
48 31 % 68 % 79 % 74 % 44% 
2 
Awlad 
Abdallah2
6 (2) 
22 6% 5% 3% - 5% 
3 
Awlad 
Ibrahim
12 (3) 
43 45% 24% 8% 26% 38% 
4 
Awlad 
Alasad
4 (4) 
21 9 % - - - 6 % 
5 
Eldalaga 
Ganoub
6 (5) 
13 4% 1% 3% - 3% 
6 
Elkangar 
Elfadlalab
4 (6) 
25 2% - 1% - 1% 
7 
Elkangar 
Wasat
7 (7) 
55 3% 2% 6% - 3% 
8 Total 49 213 100% 100% 100% 100% 100% 
* Livestock totals in the Wadi:     Goats: 750   Sheep: 256 Cattle: 71  Camels: 31 
**Livestock totals in the Villages: (1): 483     (2):57     (3): 417     (4): 70    (5): 34    (6): 13     (7)
*** Total livestock in the Wadi: 1108 
: 34 
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1.3 Percentage of the animals in the villages of  Wadi El Seleit  to the whole Wadi 
Table 3 Percentage of the livestock being raised in the villages of Wadi El Seleit 
(Source: Questionnaire Analysis) 
 
1.4 Percentage of the animals in the villages of  Wadi El Kabbashi to the whole Wadi 
Table 4 Percentage of the livestock being raised in the villages of Wadi El Kabbashi 
(Source: Questionnaire Analysis) 
No
. 
Wadi basic information 
The % of each animal type in the Village 
to the (total in the Wadi)
The % of 
the (Village 
livestock 
total)
* 
**  to  
the (Wadi  
total)
Village 
Name 
*** 
Interviewed 
Families 
Total 
Family 
members 
  Goats Sheep Cattle  Camels 
1 
Eid Elhash 
Ganoub
3 (1) 
25 2% - - - 1% 
2 
Eid Elhash 
Shimal
4 (2) 
38 23% 4% 3% - 16% 
3 
Salamt 
Kabashi 
Ganoub
24 
(3) 
111 75% 96% 97% - 83% 
4 Total 31 174 100% 100% 100% - 100% 
* Livestock totals in the Wadi:     Goats: 172   Sheep: 27 Cattle: 70  Camels: - 
**Livestock totals in the Villages: (1): 3     (2):43     (3)
*** Total livestock in the Wadi: 269 
: 223      
No. 
Wadi basic information 
The % of each animal type in the Village 
to the (total in the Wadi)
The % of 
the (Village 
livestock 
total)
* 
**  to  
the (Wadi  
total)
Village 
Name 
*** 
Interviewed 
Families 
Total 
Family 
members 
  Goats Sheep Cattle  Camels 
1 Hikiria 14 (1) 65 24% 37.5% 40% 50% 27% 
2 Alhaita 14 (2) 76 19% - - 50% 18% 
3 Alsalam 26 (3) 119 57% 62.5% 60% - 55% 
4 Total 54 260 100% 100% 100% 100% 100% 
* Livestock totals in the Wadi:     Goats: 90   Sheep: 8    Cattle: 5    Camels: 4 
**Livestock totals in the Villages: (1): 29     (2):19     (3)
*** Total livestock in the Wadi: 107 
: 59      
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1.5 Percentage of the animals in the villages of  the Nilotic Villages  to the whole Wadi 
 
Table 5 Percentage of the livestock being raised in the villages of Nilotic village 
(Source: Questionnaire Analysis) 
 
 
 
 
 
 
 
 
 
 
 
 
 
No. 
Wadi basic information 
The % of each animal type in the Village 
to the (total in the Wadi)
The % of 
the (Village 
livestock 
total)
* 
**  to  
the (Wadi  
total)
Village 
Name 
*** 
Interviewed 
Families 
Total 
Family 
members 
  Goats Sheep Cattle  Camels 
1 
Alhaita 
Alhasania
3 (1) 
18 16.4% 20.4% - - 14% 
2 
Alhaita 
Albokgab
22 (2) 
74 23% 30.6% - - 19.5% 
3 
Samrat 
Bataheen
15 (3) 
74 8.2% 14.3% 59.4% - 19% 
4 
Timaym 
Ahamda 
Shimal
3 
(4) 
17 3.2% 10.2% 7.8% - 5% 
5 
Timaym 
Ahamda 
Bayara
10 
(5) 
57 28.3% 14.3% 6.3% - 22% 
6 
Sagai 
Bataheen 
Batalab
9 
(6) 
48 11.4% 6.1% 23.4% - 13% 
7 Abu Tlieh 9 (7) 31 9.5% 4.1% 3.1% - 7.5% 
8 Total 71 319 100% 100% 100% - 100% 
* Livestock totals in the Wadi:     Goats: 219   Sheep: 49 Cattle: 64  Camels: - 
**Livestock totals in the Villages: (1): 46     (2):65     (3): 63     (4): 17    (5): 73    (6): 43     (7)
*** Total livestock in the Wadi: 332 
: 25 
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Annex (C-IV) 
Daily Water Demand Analysis in the Study Area 
2.1  Percentage of the water demand in the Wadis to the total study area demand 
Table 6 Percentage of daily water demand for the different purposes (liters) in the study area 
N
o. 
Wadi basic information 
The % of demanded water in the Wadi to the 
(total in the study area)
The % of 
the (wadi 
water 
demand 
total)
* 
** to  
the (Study 
area 
total)
Name 
*** 
Interviewed 
Families 
Total 
Family 
members 
Drinking 
Water 
Watering 
Animals 
Domestic 
Use 
Irrig. 
House 
farm 
1 Elkangar 50 213 25% 49.5% 25% 26% 34% 
2 Elseleit 31 174 10% 17% 11% 8% 12.5% 
3 Elkabbashi 54 260 26% 10% 23% - 19% 
4 Nilotic vill. 71 319 39% 23.5% 41% 66% 34.5% 
5 Total 206 966 100% 100% 100% 100% 100% 
* Water demand totals in the study area:     drinking: 16 385     watering animals: 23 800     
                                                                     domestic use: 27 230    house farms: 700 
** Water demand totals in the Wadis:         Elkangar: 22 960 Elseleit: 8 555  
                                                                      Elkabbashi: 13 040  Nilotic Villages: 23 560 (L/day) 
*** Total Water demand in the study area: 68 115 Liter/day. 
(Source: Questionnaire Analysis) 
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2.2 Percentage of the villages water demand to the total demand of  Wadi El Kangar 
Table 7 Percentage of daily water demand for the different purposes (in liters) in Wadi El Kangar 
 
No. 
Wadi basic information 
The % of demanded water in the Wadi 
villages to the (total in the Wadi)
The % of 
the 
(Villages 
water 
demand 
total)
* 
** to  
the (Wadi 
total)
Name 
*** 
Interviewed 
Families 
Total 
Family 
members 
Drinking 
Water 
Watering 
Animals 
Domestic 
Use 
Irrig. 
House 
farm 
1 
Awlad 
Abdallah1
10 (1) 
48 21.5% 42% 25% - 33% 
2 
Awlad 
Abdallah2
6 (2) 
22 13.4% 5% 10% - 8% 
3 
Awlad 
Ibrahim
12 (3) 
43 29.3% 39% 21% 31% 32% 
4 
Awlad 
Alasad
4 (4) 
21 9% 9.3% 9% - 9% 
5 
Eldalaga 
Ganoub
6 (5) 
13 8.4% 3.2% 10% - 6% 
6 
Elkangar 
Elfadlalab
4 (6) 
25 4.4% 1% 3% - 2% 
7 
Elkangar 
Wasat
7 (7) 
55 14% 0.5% 22% 69% 10% 
8 Total 49 213 100% 100% 100% 100% 100% 
* Water demand totals in the Wadi:     drinking: 4 055     watering animals: 11 835     
                                                              domestic use: 6 890    house farms: 180 (L/day) 
** Water demand totals in the Villages:  (1): 7 585     (2):1 855     (3): 7 295     (4)
                                                                 
: 2 100    
(5): 1 420   (6): 480    (7)
*** Total Water demand in the Wadi: 22 960 Liter/day. 
: 2 225 (L/day) 
(Source: Questionnaire Analysis) 
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2.3 Percentage of the villages water demand to the total demand of Wadi Elseleit  
 Table 8 Percentage of daily water demand for the different purposes (liters) in Wadi Elseleit 
(Source: Questionnaire Analysis) 
 
2.4 Percentage of the villages water demand to the total demand of Wadi El Kabbashi  
   
Table 9 Percentage of daily water demand for the different purposes (liters) in Wadi El Kabbashi 
(Source: Questionnaire Analysis) 
 
 
No. 
Wadi basic information 
The % of demanded water in the Wadi 
villages to the (total in the Wadi)
The % of 
the (Villages 
water 
demand 
total)
* 
** to  
the (Wadi 
total)
Village 
Name 
*** 
Interviewed 
Families 
Total 
Family 
members 
Drinking 
Water 
Watering 
Animals 
Domestic 
Use 
Irrig. 
House 
farm 
1 
Eid Elhash 
Ganoub
3 (1) 
25 14% - 15% - 8% 
2 
Eid Elhash 
Shimal
4 (2) 
38 22% 25% 13% - 20% 
3 
Salamt 
Kabashi 
Ganoub
24 
(3) 
111 64% 75% 72% 100% 72% 
4 Total 31 174 100 100% 100% 100% 100% 
* Water demand totals in the Wadi:     drinking: 4 100     watering animals: 11 800     
                                                              domestic use: 6 880   house farms: 180 (L/day) 
** Water demand totals in the Villages:  (1): 670     (2):1 705     (3)
*** Total Water demand in the Wadi: 8 555 Liter/day. 
: 6 180 (L/day) 
No. 
Wadi basic information 
The % of demanded water in the Wadi 
villages to the (total in the Wadi)
The % of the 
(Villages 
water 
demand 
total)
* 
** to  the 
(Wadi 
total)
Village 
Name 
*** 
Interviewe
d Families 
Total 
Family 
members 
Drinkin
g Water 
Watering 
Animals 
Domestic 
Use 
Irrig. 
House 
farm 
1 Hikiria 14 (1) 65 25% 42% 26% - 28.5% 
2 Alhaita 14 (2) 76 28% 13% 24% - 23.5% 
3 Alsalam 26 (3) 119 47% 45% 50% - 48% 
4 Total 54 260 100% 100% 100% - 100% 
* Water demand totals in the Wadi:     drinking: 4 310     watering animals: 2 360     
                                                              domestic use: 6 370    house farms: -           (L/day) 
** Water demand totals in the Villages:  (1): 3710     (2):3070     (3)
*** Total Water demand in the Wadi: 13040 Liter/day. 
: 6 260 (L/day) 
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2.5 Percentage of the villages water demand to the total demand of Nilotic Villages    
Table 10 Percentage of daily water demand for the different purposes (liters) in the Nilotice Villages 
(Source: Questionnaire Analysis) 
  
 
No. 
Wadi basic information 
The % of demanded water in the Wadi 
villages to the (total in the Wadi)
The % of 
the 
(Villages 
water 
demand 
total)
* 
** to  
the (Wadi 
total)
Village 
Name 
*** 
Interviewe
d Families 
Total 
Family 
members 
Drinking 
Water 
Watering 
Animals 
Domestic 
Use 
Irrig. 
House 
farm 
1 
Alhaita 
Alhasania
3 (1) 
18 13% 12% 7% - 10% 
2 
Alhaita 
Albokgab
22 (2) 
74 31% 16% 35.3% 35.5% 30% 
3 
Samrat 
Bataheen
15 (3) 
74 20% 25% 23.4% 35.5% 23% 
4 
Timaym 
Ahamda 
Shimal
3 
(4) 
17 8% 26% 6% - 11% 
5 
Timaym 
Ahamda 
Bayara
10 
(5) 
57 16% 7% 12% - 11% 
6 
Sagai 
Bataheen 
Batalab
9 
(6) 
48 4% 11% 6.3% 9% 7% 
7 Abu Tlieh 9 (7) 31 8% 3% 10% 20% 8% 
8 Total 71 319 100% 100% 100% 100% 100% 
* Water demand totals in the Wadi:     drinking: 6 440     watering animals: 5 605     
                                                              domestic use: 11 050    house farms: 465       (L/day) 
** Water demand totals in the Villages:  (1): 2295     (2):6970     (3): 5485     (4)
                                                                  
: 2620    
(5): 2700    (6): 1595     (7)
*** Total Water demand in the Wadi: 23 560 Liter/day. 
: 1895  (L/day) 
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